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PRESSURE-SHIFT  OF  SPECTR.\L  LINES 
By  FERNAXDO  SAXFORD 

There  have  been  three  different  explanations  proposed  to  account 
for  the  broadening  and  displacement  toward  longer  wave-lengths  of 
spectral  lines  when  their  radiant  atoms  are  under  hea\y  pressure 
due  to  a  surrounding  gas.  The  first  explanation  seems  to  have 
been  proposed  by  Fitzgerald'  and  later  to  have  been  indorsed  by 
Larmor.  This  explanation  attempts  to  find  the  cause  of  the  slower 
luminous  oscillations  under  hea\y  pressure  in  the  increase  of  the 
specific  inductive  capacity  of  the  medium  in  which  the  oscillations 
take  place. 

Fitzgerald  says: 

When  a  body  is  a  source  of  electromagnetic  radiations  the  frequency  of  its 
vibrations  depends  in  general  on  the  specific  inductive  capacity  of  the  medium 
in  which  it  is  immersed.  An  electromagnetic  oscillator  performs  oscillations 
that  can  be  calculated  from  a  formula  of  the  form  N-^^-LC,  where  L  is  self- 
induction  and  C  is  capacity.  If  the  medium  have  a  high  electric  inductive 
capacity  C  will  be  large  and  consequently  N  will  be  small.  Now  an  increase 
in  the  pressure  of  a  gas  increases  its  specific  inductive  capacity  and  must  in 
consequence  alter  to  some  extent  the  period  of  vibration  of  the  molecules  in  it, 
if  their  period  of  vibration  depends  at  all  on  electric  forces  due  to  constant 
charges.  We  can  consequently  conclude  that  here  is  a  vera  causa  for  some 
shift  towards  the  red  in  molecules  causing  light,  for  in  them  there  can  be  no 
doubt  that  electric  forces  are  at  least  a  part  of  the  forces  affecting  the  periods 
of  vibration. 

^  Astrophysical  Journal,  5,  210,  1897. 
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Larmor^  later  undertakes  to  show  that  "the  dielectric  influence 
of  the  neighboring  molecules  is  a  vera  causa  of  the  right  order  of 
magnitude"  to  account  for  the  pressure-shift.  He  says,  speaking 
of  the  change  in  the  period  of  oscillation  of  whatever  produces  the 
spectral  hues: 

The  change  must  be  connected  with  electric  properties  of  the  surrounding 
gas;  mechanical  pressure  arises  merely  from  the  translator}'  motions  of  the 
molecules,  and  these  are  so  slow  as  hardly  to  count  in  connection  with  radiation- 
periods.  Thus  the  phenomenon  is  probably  more  strictly  describable  as  a 
density  effect.  Electrically,  the  effect  of  increase  of  density  is  to  increase  the 
inductive  capacity  of  the  medium,  that  is,  to  diminish  the  effective  etherial 
elasticity  which  propagates  the  radiation.  This  is  the  averaged  result;  each 
molecule  individually,  through  the  agency  of  its  plastic  field  of  force  or  ether- 
strain,  provides  a  yielding  region  in  the  ether  in  which  the  effective  stiffness 
is  diminished.  The  elastic  energy  which  maintains  the  free  vibrations  of  a 
radiator  is  located  in  its  field  of  force  in  the  adjacent  ether;  and  by  dynamical 
principles  any  loosening  of  the  constraint  in  that  field  such  as  an  adjacent 
molecule  would  produce,  which  would  itself  be  somewhat  intensified  by 
equality  of  period,  must  in  general  tend  toward  increasing  the  free  period, 
involving  the  displacement  of  the  radiation  toward  longer  wave-length. 

I  have  quoted  at  length  from  Fitzgerald  and  Larmor  because 
the  theory  proposed  by  them  is  the  one  I  wish  especially  to  dis- 
cuss. There  have  been,  however,  two  other  theories  proposed 
which  deserve  notice  in  any  discussion  of  this  question .  Humphreys' 
concludes  that  "the  pressure-shift  shows  that  specific  inductive 
capacity  has  but  Httle,  if  any,  influence  on  the  period  of  whatever 
it  is  to  which  these  Hues  are  due,"  and  undertakes  to  explain  the 
displacement  by  the  magnetic  action  of  the  molecules  on  each 
other.  He  adopts  the  theory  that  the  luminous  atom  is  of  the 
so-called  "Saturnian"  type,  consisting  of  a  large  number  of  elec- 
trons revolving  in  circular  or  broadly  elliptical  orbits  in  a  common 
plane  about  a  central  positive  subatom,  and  then  argues  that  these 
magnetic  atoms  must  act  upon  each  other  in  the  Zceman  manner, 
producing  a  separation  of  individual  lines  as  in  a  strong  magnetic 
field.  In  a  later  paper^  he  calculates  the  effect  which  these  molecu- 
lar fields  must  have  upon  each  other,  and  concludes  that  if  the 

'  Astro  physical  Journal,  26,  120,  1907. 

'  Ibid.,  26,  18,  1907.  J  Ibid.,  27,  194,  1908. 
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average  magnetic  field  of  a  molecule  in  the  region  surrounded  by 
its  ring  of  rotating  electrons  is  as  great  as  45X10',  the  pres- 
sure-shift may  be  accounted  for  after  the  manner  of  the  Zeeman 
separation. 

Aside  from  the  improbability  that  the  atoms  of  all  metals  are  ten 
thousand  times  as  strongly  magnetic  as  the  strongest  electromagnet 
ordinarily  used  in  the  laboratory  for  producing  the  Zeeman  effect, 
is  the  further  difficulty  that  King'  has  compared  the  Zeeman  sepa- 
ration of  a  large  number  of  lines  with  the  pressure-shift  of  the 
same  lines  at  42  atmospheres  as  given  by  Humphreys  and  finds  the 
ratio  of  the  Zeeman  displacement  to  the  pressure-shift  as  not  even 
approximately  constant  even  for  lines  in  the  same  element.  Thus 
for  iron  the  values  of  this  ratio  run  from  o. 78  to  15.5,  while  several 
lines  were  observed  which  show  pressure-displacements,  two  of 
them  large,  but  which  show  no  Zeeman  separation  even  in  a  field 
of  20,000  gausses. 

A  third  explanation  has  been  proposed  by  Richardson,^  which 
bases  the  pressure-shift  on  the  reaction  upon  the  emitting  atom  of 
forced  vibrations  which  it  has  set  up  by  electrostatic  induction  in 
neighboring  atoms.  Richardson's  calculations,  based  upon  assump- 
tions regarding  the  atomic  structure  and  atomic  distances  which 
seem  to  him  reasonable,  give  magnitudes  for  the  pressure-shift  from 
5  to  200  times  as  great  as  the  observed  values,  and  require  that 
the  displacement  shall  increase  as  the  third  power  of  the  wave- 
length instead  of  approximately  as  the  first  power,  as  shown  by 
experiment. 

All  three  of  the  above-mentioned  theories  make  the  change  in 
the  period  of  the  \ibrating  mechanism  depend  upon  the  proximity 
of  atoms  of  its  own  kind,  since  the  greater  the  atmospheric  pressure 
around  the  arc  the  denser  must  be  the  metallic  vapor  in  the  interior 
of  the  arc.  It  would  accordingly  seem  to  follow  from  Humphreys' 
theory  that  the  greatest  shift  should  occur  in  those  metals  whose 
atoms  are  most  strongly  magnetic,  while  from  Fitzgerald's  theory 
the  greatest  shift  should  occur  in  those  metals  whose  vapors  have 
the  highest  specific  inductive  capacity.     Since  at  the  same  pressure 

^  Ibid.,  31,  433,  1910;  also  33,  250,  1911, 
»  PhU.  Mag.,  14,  557,  1907. 
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there  should  be  very  approximately  the  same  number  of  molecules 
in  unit  volume  of  the  different  vapors,  it  should  be  possible  to 
decide  between  these  theories  if  we  knew  the  magnetic  and  induct- 
ive properties  of  the  different  metals.  The  magnetic  properties 
are  already  known,  and  a  glance  at  Humphreys'  data  in  Astro- 
physical  Journal,  6,  220  or  224,  will  show  that  the  pressure-shift  is 
not  greater  for  the  magnetic  metals  than  for  the  others.  On  the 
contrary,  it  is  distinctly  less.  Thus  from  the  data  on  p.  224  the 
average  shift  for  Fe,  Ni,  and  Co  is  0.026  A,  while  for  all  the  lines  of 
all  the  metals  given  the  average  shift  is  0.045  A.  Even  on  the 
assumption  that  the  magnetic  field  of  the  average  atom  of  non- 
magnetic or  diamagnetic  material  is  ten  thousand  times  as  great 
as  that  of  the  most  magnetic  metals  when  saturated,  we  might 
still  expect  the  atoms  of  the  magnetic  metals  to  have  stronger  fields 
than  the  average  of  all  the  metals,  instead  of  only  half  as  strong. 

The  specific  inductive  capacity  of  the  metals  has  not  been 
measured,  arid  can  only  be  inferred  from  their  other  properties, 
but  any  assumption  as  to  the  nature  of  specific  inductive  capacity 
must  enable  one  to  draw  conclusions  as  to  its  eft'ect  upon  other 
properties  of  the  metal.  Thus  if  we  adopt  Maxwell's  theory,  which 
has  been  so  clearly  stated  in  the  quotation  from  Larmor,  that  an 
increase  in  specific  inductive  capacity  is  due  to  a  weakening  of  the 
electric  elasticity  of  the  ether  around  the  atoms  of  bodies,  we  can 
deduce  its  effects  upon  other  properties  of  the  body.  It  seems  as 
clearly  established  as  anything  in  electrical  theory  that  the  forces 
of  affinity  and  cohesion  are  attractions  between  the  electropositive 
and  electronegative  parts  of  atoms  and  molecules.  If,  for  example, 
the  positive  subatoms  of  a  metal  are  held  together  by  their  mutual 
attractions  for  the  same  electrons  (which  seems  to  be  the  only  con- 
ceivable explanation  for  cohesion  in  the  light  of  our  present  knowl- 
edge) and  if  the  positive  charges  of  the  atoms  are  of  the  same  order 
of  magnitude,  cohesion  must  be  weakest  in  those  metals  whose 
specific  inductive  capacity  is  greatest.  Such  metals  should  accord- 
ingly have  greater  compressibiUty,  lower  melting  points,  greater 
expansion  coefficients,  and  should  be  softer  than  other  metals  in 
which  the  specific  inductive  capacity  is  less.  The  metals  having 
higher  specific  inductive  capacity  should  also  hold  their  electrons 
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with  weaker  forces  than  those  in  which  the  specific  inductive  ca- 
pacity is  less,  and  should  accordingly  become  more  electropositive 
under  the  action  of  ultra-violet  light.  They  should  also  lose  elec- 
trons when  their  surfaces  are  put  in  contact  with  metals  of  lower 
specific  inductive  capacity  and  become  the  electropositive  metals 
in  the  voltaic  series.  For  the  same  reason,  when  placed  in  liquids 
of  high  specific  inductive  capacity,  thus  having  their  surface 
cohesion  weakened  further,  they  should  most  easily  part  with  their 
electropositive  subatoms  and  become  the  electronegative  metals 
in  the  electrolytic  series.  The  voltaic  series  should  accordingly 
correspond  with  the  inductive  series. 

This  fact  has  been  observed  for  the  non-metallic  elements.  Thus 
in  1898  Coehn'  announced  the  law  that  for  non-metallic  elements 
those  having  a  higher  dielectric  constant  become  positively  charged 
when  brought  into  contact  with  substances  having  a  lower  dielectric 
constant. 

In  a  paper  prepared  for  the  meeting  of  the  American  Physical 
Society^  in  February  1908,  the  present  writer  exhibited  a  table 


Element          j  Compr-i^ility    ,,,,^^  p„i„/      Expa,^ion      !       hardness 

Pressure-Shift 

Caesium 61 

Rubidium 40 

Potassium 31.5 

Sodium i       15.5 

Lithium 8.8 

Zinc 1.5 

Lead 1         2.2 

Tin 1.67 

Iron 0.38 

Silver |         0.82 

Copper '        0 .  54 

Gold 0.47 

Platinum 0.21 

26.5          0.2 

38.5          0-3 

58              0.5 

95               o.cxx)072     i         0.4 

180         ;     0.6 

419             0.000029             2.5 

330           0.000028           1.5 

230             0.000022              1.8 

1500             0.000012              4.5 

950             !       0.000019                    2.5-3 
1054                    0.000017                    2.5-3 
1035                    0.000015                     2.5-3 

1780             0.000009             4-3 

161 
132 
132 
108 

85 
57 
60 

55 
25 
39 
33 
40 
20 

including  all  the  metals  whose  positions  in  the  voltaic  series  are 
well  known  in  which  the  relation  of  the  voltaic  series  to  the  cohesion 
series  is  shown.  This  table  is  reproduced  above  as  then  given  and 
a  final  column  is  added  showing  the  displacement  of  the  lines  of 

■  Wied.  Ann.,  64,  231,  1898. 
'  Physical  Review,  26,  410,  190S. 
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these  same  metals  for  a  pressure  of  12  atmospheres  and  a  wave- 
length of  4000  A  as  given  by  Humphreys  in  Astro  physical  Journal, 
6.  220,  1897. 

As  will  be  seen,  the  agreement  of  the  pressure-shift  with  the 
other  properties  is  very  close.  Iron  is  the  one  conspicuous  example 
of  misplacement  in  the  voltaic  series,  the  relative  positions  of  zinc, 
lead,  and  tin  being  uncertain.  Iron,  as  is  well  known,  may  exist 
in  an  active  or  a  passive  condition  as  concerns  its  avidity  for  chemi- 
cal combination  with  acids.  In  its  passive  state  it  acts  very  much 
like  gold  or  platinum  and  would  be  placed  w^th  these  metals  in  the 
voltaic  series,  but  its  active  condition  has  generally  been  regarded 
as  the  normal  one  and  the  passive  state  as  an  induced  condition. 
Recently  Grave^  has  shown  that  the  passive  state  is  probably  the 
normal  condition  of  iron,  and  that  the  active,  or  electropositive, 
state  is  induced,  probably  by  the  absorption  of  hydrogen.  If  this 
is  correct,  iron  will  take  the  place  in  the  voltaic  series  between  gold 
and  platinum  to  which  its  other  properties  seem  to  entitle  it. 

It  will  be  seen  from  Humphreys'  data  on  pressure-shift  that 
this  is,  like  many  of  the  other  properties  of  the  atoms,  a  periodic 
property,  the  elements  of  the  same  periodic  group  showing  a  similar 
pressure-displacement  for  their  spectral  lines.  In  most  cases  the 
elements  of  a  well-marked  group  do  not  differ  widely  in  their  con- 
tact electromotive  force,  and  consequently  in  their  specific  induct- 
ive capacity.  The  group  of  alkali  metals  and  the  electronegative 
halogen  group  at  the  other  extremity  of  the  electrochemical  series 
are  exceptions.  Since  we  have  no  data  on  the  pressure-shift  of  the 
latter  group,  it  may  be  worth  while  to  compare  the  pressure-shift 
of  the  lines  of  the  alkaU  metals  with  other  properties  of  these 
elements. 

The  variation  of  the  pressure-displacement  with  the  compres- 
sibility, the  melting  point,  and  the  hardness  of  these  metals  has 
already  been  shown.  Fitzgerald,  in  the  paper  already  cited,  says: 
"In  some  of  the  cases  I  have  tried  there  seems  to  be  some  connec- 
tion between  the  refractive  index  of  the  gas  and  the  amount  of  the 
shift."  It  is  plain  that  if  the  shift  is  due  to  an  increase  of  specific 
inductive  capacity  the  refractive  index  of  the  gas  should  vary  in 

•  Zrilschrift  fur  physikalische  Chemic,  77,  513,  191 1. 
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the  same  direction  as  the  pressure-shift.  But  little  is  known  of  the 
refractive  index  of  metallic  vapors;  but  Gladstone,  Edwards, 
Eisenlohr,  and  others  have  calculated  the  atomic  refraction  con- 
stants for  a  number  of  elements  from  the  refractive  indices  of  their 
compounds,  and  while  dilTerent  investigators  sometimes  reach 
dilTerent  values  in  the  case  of  individual  elements,  their  data  all 
show  a  general  agreement.  Only  Gladstone's  data  give  the  refrac- 
tion equivalents  of  all  the  alkaU  metals.  The  column  marked 
"Refraction  Constant"  in  the  table  which  follows  is  taken  from  his 
values  of  the  refraction  equivalents  of  the  elements  given  in  the 
Philosophical  Transactions  of  1870. 

There  is  much  other  evidence  to  show  that  the  compounds  of  the 
electropositive  elements  have  higher  refraction  equivalents  than 
the  corresponding  compounds  of  the  electronegative  or  less  elec- 
tropositive elements.  Thus  in  a  table  of  the  refraction  equivalents 
of  salt  solutions  in  water  given  in  Ostwald's  Solutions,  p.  272,  the 
refraction  equivalents  of  twelve  pairs  of  corresponding  salts  of 
potassium  and  sodium  are  given,  and  in  every  case  the  potassium 
salts  give  a  higher  refraction  than  the  corresponding  sodium  salts 
by  a  quantity  which  is  almost  constant,  the  ratio  being  on  the 
average  33. 11 : 27. 78. 

Another  source  of  information  as  to  the  inductive  capacity  of  an 
atom  may  be  found  in  its  atomic  volume.  T.  W.  Richards'  has 
from  time  to  time  called  attention  to  evidence  which  seems  to 
indicate  that  the  atomic  volume  of  an  element  may  be  varied  by 
the  cohesion  pressure  upon  it  when  in  a  compound.  Whether  this 
is  true  or  not,  if  the  atoms  are  built  up  of  positive  and  negative 
subatoms  held  together  by  electrical  forces  (as  is  certainly  the  case 
with  the  atoms  of  radioactive  elements)  the  volume  of  an  atom 
should  be  greater  as  its  specific  inductive  capacity  is  greater. 
Accordingly,  in  elements  of  the  same  group  the  atomic  volume 
should  give  an  indication  of  the  inductive  capacity  of  the  atom. 
The  relation  of  the  atomic  volume  to  the  pressure-shift  is  also 
shown  in  the  table  which  follows. 

Still  another  evidence  is  available  for  comparing  the  pressure- 
shift  with  the  electric  properties  of  the  atoms.     In  two  recent 

»  See  his  Faraday  lecture  printed  in  Science,  34,  537,  October  27,  191 1. 
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papers'  I  have  undertaken  to  show  that  the  positive  subatoms  of 
the  elements  which  enter  into  the  electrolytic  process  as  positive 
ions  have  specific  charges  which  may  be  approximately  calculated, 
and  that  these  charges  vary  with  cohesion  and  hence  with  specific 
inductive  capacity;  in  other  words,  that  the  specific  inductive 
capacity  of  the  ether  is  greater  about  an  atom  the  greater  its  posi- 
tive charge.  This  is  further  shown  in  the  fact  that  in  the  negative 
halogen  group  the  compressibility  decreases  and  the  melting  point 
and  cohesion  (as  shown  by  the  state  of  aggregation)  increase  with 
the  atomic  weight.  Column  6  of  the  table  below  gives  values, 
which  are  only  relative,  of  these  charges  as  calculated  from  the 
velocity  of  the  ions  in  a  water  solution  under  a  given  electro- 
motive force. 

In  the  papers  last  mentioned  and  elsewhere^  attention  has  been 
called  to  the  fact  that  all  these  properties  are  functions  of  the 
square  root  of  the  atomic  weight.  Thus  the  melting  points  of  the 
alkah  metals  may  be  calculated  to  within  the  differences  of  deter- 


mination of  different  investigators  by  the  equation  r< 


=  531^ 
1  w 


+ 


252.5,  where  Ta  is  the  absolute  temperature  of  the  melting  point 
and  ijo  is  the  atomic  weight  of  the  metal. 

I  have  accordingly  given  the  square  root  of  the  atomic  weight 
of  the  metals  in  the  second  column  of  the  following  table,  and  for 
the  sake  of  completeness  I  have  again  given  the  melting  point, 
compressibilities,  and  hardness  which  were  given  in  the  preceding 
table  for  the  voltaic  series. 


Vw 

Pressure- 
Shift 

Refraction 
Constant 

Atomic 
Volume 

Atomic    IcomP-ssi- 
Charge    ,      y^  ^'^ 

Hardness 

MelUng 
Point 

Cs 

Rh 

K 

Na.... 
Li 

"•5 
9.24 
6.24 
4.8 
2.6 

l6l 
132 
132 
108 

8S 

13-8 

14. 1 

8.2 

4.8 

3-8 

70.6 
56 

45-4 
23 -7 
12.9 

157 
lOI 

44 
18 

5 

61 
40 
315 
15s 
8.8 

0.2 
■3 
■5 
•4 
.6 

26.5 

38. s 

58 

95 
180 

Taken  all  together,  there  accordingly  seems  to  be  a  considerable 
amount  of  evidence  to  show  that  the  pressure-shift  of  the  spectral 

'  Physical  Review,  32,  512,  518,  191 1. 

'  "A  Physical  Theory  of  Electrification,"  published  by  the  Leland  Stanford  Jr. 
University,  University  Series,  No.  6,  191 1. 
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lines  is  related  to  just  those  properties  of  the  atoms  which  seem  to 
depend  upon  the  specific  inductive  capacity. 

An  objection  which  will  at  once  suggest  itself  to  everyone  is  the 
fact  that  the  lines  are,  though  to  a  less  extent,  broadened  toward 
the  violet.  An  increase  of  specific  inductive  capacity  should  slow 
down  the  oscillations  but  should  not  accelerate  them,  while 
Humphreys'  magnetic  theory  would  displace  the  lines  in  both 
directions.  It  is  well  known,  however,  that  the  specific  inductive 
capacity  of  the  air  and  of  ordinary  gases  is  very  small  as  compared 
w^ith  that  of  metallic  vapors.  Accordingly,  when  an  air  molecule 
enters  the  field  of  force  of  a  radiating  metallic  atom  the  specific 
inductive  capacity  of  its  field  of  force  should  be  decreased,  and  this 
should  accelerate  the  vibration  period  of  the  atom.  If  this  point 
of  view  is  correct,  it  would  seem  that  the  greatest  shift  toward  the 
red  should  be  due  to  those  atoms  in  the  center  of  the  arc,  while  the 
greatest  shift  toward  the  violet  should  be  due  to  atoms  around 
the  outer  surface.  Perhaps  this  difference  may  be  capable  of 
observation. 

Stanford  University 
November  5,  191 1 


ax  investigation  of  the  spectra  of  iron  and 
titaxiu:m  under  modeil\te  pressures^ 

By  henry  G.  gale  and  WALTER  S.  ADAMS 

The  results  which  are  contained  in  this  article  are  the  main 
products  of  a  study  of  the  effect  of  a  gaseous  pressure  of  9  atmos- 
pheres upon  the  arc  spectrum  of  iron  and  of  pressures  of  from  3  to 
17  atmospheres  upon  the  arc  and  spark  spectra  of  titanium.  The 
investigation  was  begun  in  the  spring  of  1910  and  carried  on  during 
a  period  of  three  months  of  that  year  and  a  corresponding  period 
of  191 1.  At  first  the  end  in  view  was  to  study  the  effects  of  pres- 
sure upon  the  spark  spectrum  alone,  but  the  lack  of  corresponding 
results  for  the  arc  at  moderate  pressures  required  the  extension  of 
the  investigation  to  include  arc  results  as  well. 

Previous  studies  of  the  pressure  effect  have  for  the  most  part 
been  at  comparatively  high  pressures.  Thus  the  recent  results  of 
Rossi^  upon  the  arc  spectra  of  titanium  and  vanadium  are  based 
principally  upon  pressures  between  25  and  100  atmospheres.  A 
part  of  the  earher  work  of  Humphreys,^  and  Humphreys  and 
Mohler/  dealt  with  pressures  as  low  as  4  atmospheres,  but  all  of 
the  more  recent  work  of  Humphreys^  has  been  at  much  higher 
pressures.  Similarly  the  work  of  Dufiield^  upon  the  arc  spectra  of 
iron,  gold,  and  silver  contains  some  results  obtained  at  5,  10,  and 
15  atmospheres,  but  the  great  majority  of  his  values  are  also  for 
high  pressures.  In  the  case  of  the  spark  spectrum  only  two  previous 
investigations  are  available.  The  first  of  these,  by  Hale  and  Kent,' 
deals  with  a  small  number  of  iron  lines  at  pressures  of  from  3  to  53 
atmospheres;  the  second,  by  W.  B.  Anderson,^  gives  the  displace- 
ments of  a  considerable  number  of  iron  lines  at  50  atmospheres. 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  58. 
'  Proc.  Roy.  Soc,  A  83,  414,  1910. 
^  Astrophysical  Journal,  4,  249,  1896;   6,  169,  1897. 
*Ibid.,  3,  114,  1895.  i  Ibid.,  22,  217,  1905;    26,  18,  1907. 

^  Ibid.,  26,  375,  1907;  Phil.  Trans.,  A  208,  iii,  1908. 
^  Astro  physical  Journal,  17,  154,  1903.  *  Ibid.,  24,  221,  1906. 

10 


SPECTRA  OF  Fc  AND  Ti  UNDER  PRESSURE  ii 

With  the  exception  of  some  results  by  Humphreys'  for  certain  lines 
of  iron  and  chromium  in  the  green  and  yellow  parts  of  the  spectrum 
all  of  the  values  given  in  these  researches  are  for  the  more  refrangible 
lines. 

In  view  of  these  considerations  it  has  seemed  desirable  to  us  to 
carry  on  our  work  at  relatively  low  pressures  and  to  include  as 
large  an  extent  of  spectrum  as  possible.  A  combination  of  our 
own  results  with  those  obtained  at  higher  pressures  by  other 
observers  would  give  a  severe  test  of  the  law  of  the  proportionality 
of  displacement  to  pressure,  while  the  values  of  the  displacements 
for  lines  of  widely  different  wave-lengths  would  provide  more 
satisfactory  material  for  a  discussion  of  the  variation  of  displace- 
ment with  wave-length  than  could  a  comparatively  limited  range 
of  spectrum. 

The  astronomical  applications  of  pressure  results  also  make  these 
considerations  important.  So  far  as  our  knowledge  extends,  the 
effective  pressures  in  the  reversing  layer  of  the  sun  and  in  stellar 
atmospheres  are  moderate  in  amount.  For  example,  the  most 
recent  determination  of  the  pressure  in  the  reversing  layer  of  the 
sun  by  Fabry  and  Buisson^  gives  a  value  of  5  atmospheres.  Accord- 
ingly pressures  of  the  same  order  should  be  employed  in  the  labora- 
tor>^  work  in  case  a  direct  comparison  of  the  character  and  the 
displacements  of  the  hues  is  to  be  made  with  those  in  solar  and 
stellar  spectra. 

The  investigation  has  been  carried  on  in  the  Pasadena  laboratory 
of  the  Mount  Wilson  Solar  Observatory  and  the  spectrograph 
employed  is  the  9.1m  plane  grating  Littrow  instrument  already 
used  by  Mr.  King  and  Mr.  Babcock  in  numerous  studies  of  the 
Zeeman  effect.  Since  this  spectrograph  has  been  described  in  a 
previous  publication/  no  details  are  necessary  in  this  place.  The 
grating  is  a  20  cm  plane  grating  by  Michelson  with  500  lines  to  the 
millimeter,  and  the  second  order  has  been  used  for  all  of  the  photo- 
graphs taken  in  connection  with  this  work.  The  linear  scale  given 
by  the  spectrograph  is  approximately  i  mm  =  0.95  Angstrom. 

'Ibid.,  26,  18,  1907.  'Ibid.,  31,97,  1910. 

i  Contributions  from  the  Mount  Wilson  Solar  Observatory,  Xo.  23;  Aslro physical 
Journal,  27,  204,  1908. 
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The  pressure-chamber  consists  of  a  strong  brass  hood  with  a 
flange  at  its  base  which  is  fastened  by  a  series  of  iron  clamps  around 
its  rim  to  a  brass  base  carrying  a  similar  flange.  The  two  portions 
have  been  surfaced  accurately  and  at  the  junction  a  thin  lead 
washer  provides  an  air-tight  union.  The  top  of  the  hood  carries 
the  pressure  gauge  and  the  connections  for  attaching  the  tanks  of 
compressed  gas.  The  connections  for  the  electrodes  are  passed 
through  the  sides  of  the  box  and  are  very  heavily  insulated  in  order 
to  pro\'ide  for  the  use  of  high  potential  for  the  spark.  The  elec- 
trodes themselves  consist  of  copper  cHps  placed  in  a  horizontal 
position,  and  the  arc  or  spark  passes  directly  between  small  pieces 
of  metal  held  in  these  clips.  The  distance  between  the  electrodes 
may  be  varied  by  means  of  a  fiber  handle  on  the  outside  of  the  box 
which  turns  a  screw  acting  through  a  hard  rubber  sleeve.  At 
moderate  pressures  the  chamber  shows  very  little  leakage. 

In  the  front  of  the  brass  hood  is  the  window  through  which  the 
Hght  from  the  arc  or  spark  passes  to  the  spectrograph.  Since  the 
spectrograph  itself  contains  a  glass  lens  and  so  is  not  adapted  for 
work  in  the  extreme  ultra-violet  part  of  the  spectrum,  the  window 
also  is  made  of  glass.  It  is  about  2  cm  thick  and  conical  in  shape, 
with  its  base  toward  the  light-source  in  order  to  withstand  the 
effect  of  the  pressure  from  within.  The  window  is  mounted  in  the 
center  of  a  round  brass  casting  about  12  cm  in  diameter  cut  with  a 
quarter  thread.  This  engages  with  a  similar  thread  in  an  opening 
in  the  pressure-chamber  and  the  block  is  tightened  by  means  of  a 
powerful  wrench,  until  an  air-tight  junction  is  obtained.  By  tak- 
ing off  this  block  it  is  possible  to  reach  the  electrodes  without 
unclamping  the  entire  box. 

The  light  passing  through  the  window  of  the  pressure-chamber 
is  focused  upon  the  slit  of  the  spectrograph  by  means  of  a  glass  lens 
placed  midway  between  window  and  slit.  It  has  been  found  pos- 
sible in  all  of  the  work  to  obtain  arc  and  spark  gaps  sufficiently 
wide  to  avoid  the  necessity  for  magnification  at  the  slit  of  the 
spectrograph.  The  diameter  of  the  lens  is  such  that  the  cross- 
section  of  the  cone  of  light  at  the  base  of  the  spectrograph  is  about 
six  times  that  of  the  grating  surface,  and  we  have  given  especial 
care  to   the  adjustment  of   the  instrument  in  order  to  keep  the 
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illuminated  area  as  nearly  as  possible  concentric  with  the  grating 
throughout  all  of  the  observations.  To  provide  for  accurate  guid- 
ing during  an  exposure  when  the  arc  or  spark  shifts  from  one  point 
to  another  upon  the  electrodes,  we  have  adopted  the  simple  expe- 
dient of  placing  the  condensing  lens  upon  a  double-slide  rack.  The 
observer  watches  the  image  upon  the  slit  with  a  small  telescope  and 
corrects  for  the  motion  of  the  arc  or  spark  by  a  sHght  vertical  or 
horizontal  motion  of  the  lens.  It  is  evident  that  the  effect  of  such 
motion  is  to  displace  the  cone  of  light  shghtly  with  respect  to  the 
grating,  but  the  margin  of  full  illumination  is  so  great  and  the  motion 
of  the  lens  so  small  that  no  error  is  to  be  feared  from  this  source. 

The  arc  used  throughout  this  investigation  was  produced  by  a 
direct  current  of  1 10  volts  furnished  by  a  motor  generator.  A  bank 
of  lamps  placed  in  series  in  the  circuit  provided  the  means  of  vary- 
ing the  amount  of  current  passing  through  the  arc.  In  general  a 
current  of  from  4  to  8  amperes  has  been  used  for  most  of  the  work. 
By  increasing  or  decreasing  the  current  it  is  usually  possible  to  vary 
the  amount  of  reversals  of  the  stronger  comparison  lines,  and  this 
has  proved  most  useful  in  a  part  of  the  investigation. 

The  alternating  current  for  the  spark  was  furnished  by  a  5  kilo- 
watt transformer  fed  by  an  alternating  current  of  220  volts.  It  is 
capable  of  gi\'ing  a  potential  as  great  as  64,000  volts.  For  most  of 
this  work  either  16,000  or  32,000  volts  have  been  employed.  A 
self-induction  coil  placed  in  the  secondary'  circuit  has  been  used  for 
a  part  of  the  work  for  the  purpose  of  reducing  the  intensities  of  the 
enhanced  lines.  It  may  be  well  to  state  at  this  point  that  we  have 
been  able  to  find  no  distinct  evidence  of  the  variation  of  pressure 
displacements  with  change  of  current,  capacity,  potential,  or  arc  or 
spark-gaps  for  the  range  throughout  which  we  have  worked.  Nor 
does  there  appear  to  be  any  difference  between  the  results  for  an 
atmosphere  of  air  or  of  carbon  dioxide.  The  efTect  of  a  hydrogen 
atmosphere  is  discussed  at  a  later  point. 

A  considerable  number  of  photographs  of  an  arc  between  carbon 
p>oles  was  taken,  and  the  displacements  of  the  lines  of  iron,  which 
occurred  as  an  impurity,  were  found  to  be  the  same  as  those 
obtained  from  an  arc  with  iron  poles.  Table  I  contains  the  results 
from  arcs  with  iron  and  with  carbon  poles. 
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On  all  of  the  photographs  the  spectrum  under  pressure  is  placed 
in  the  center  with  the  comparison  spectrum  of  arc  or  spark  at 
atmospheric  pressure  on  either  side,  a  simple  occulting-bar  arrange- 
ment providing  for  covering  and  uncovering  the  different  portions 
of  the  slit.  The  exposure  for  the  comparison  spectrum  has  been 
divided  into  two  parts,  one-half  before  and  one-half  after  the 
exposure  for  the  pressure  spectrum.  In  order  to  test  the  possible 
effect  upon  the  photographs  of  accidental  disturbances  such  as  the 
\'ibration  of  the  building,  we  have  made  a  nimiber  of  exposures 
upon  an  arc  spectrum  separated  by  considerable  intervals  of  time, 
but  measures  of  the  photographs  have  shown  no  appreciable  dis- 
placements since  the  spectrograph  was  definitely  adjusted  for  this 
work.  In  general  the  exposure  times,  both  for  the  comparison  and 
the  pressure  spectrum,  have  been  comparatively  short.  For  the 
arc  spectrum  in  the  blue  and  \dolet  regions  they  have  varied  from 
I  to  2  minutes  for  the  pressure  spectrum  to  i  to  6  minutes  for  the 
comparison  spectrum  on  Seed  "Process"  plates.  For  the  less 
refrangible  regions  the  exposure  times  are,  of  course,  longer,  reach- 
ing in  the  case  of  the  comparison  spectrum  a  maximum  of  some  40 
minutes  in  the  red.  The  spark  spectrum  requires  considerably 
more  time,  and  in  the  red  we  have  been  obhged  to  give  as  much  as 
i^  hours  to  the  comparison  spectrum  of  iron. 

The  great  amount  of  labor  involved  in  the  measurement  and 
reduction  of  the  photographs  has  made  it  impossible  to  determine 
the  values  of  the  displacements  of  all  of  the  hnes  at  all  of  the  pres- 
sures employed.  Accordingly  we  have  adopted  the  plan  of  making 
as  complete  a  study  as  possible  of  all  well-measurable  lines  at  a 
single  pressure,  and  for  the  other  pressures  using  a  selected  list 
sufficient  in  number  to  give  a  mean  of  high  precision  for  purposes  of 
comparison.  The  pressure  adopted  for  the  principal  series  was  8 
atmospheres  above  atmospheric  pressure,  a  value  sufficiently  high 
to  give  displacements  of  considerable  amount,  but  not  too  high  to 
prevent  direct  comparison  with  the  results  for  solar  lines.  The 
other  pressures  used  have  been  2,  4,  6,  12,  and  16  atmospheres  above 
atmospheric  pressure  and  a  few  photographs  have  been  taken  at  a 
partial  vacuum.  As  already  stated,  no  appreciable  dilTerencc  could 
be  detected  between  the  displacements  for  an  atmosphere  of  air  or 
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carbonic  dioxide,  and  the  latter  gas  has  been  used  throughout  the 
greater  part  of  the  investigation. 

The  extraordinary  variety  in  behavior  of  different  spectrum  lines 
under  pressure  has,  of  course,  been  noted  by  all  observers.  In 
general  the  lines  may  be  divided  roughly  into  five  broad  classes: 

1.  Lines  which  are  symmetrically  reversed. 

2.  Lines  which  are  unsymmetrically  reversed. 

3.  Lines  which  remain  bright  and  fairly  narrow  under  pressure. 

4.  Lines  which  remain  bright  and  symmetrical  but  become  wide 
and  diffuse  under  pressure. 

5.  Lines  which  remain  bright  and  are  widened  very  unsymmet- 
rically toward  the  red. 

The  lines  in  the  first  class  are  those  which  are  most  readily 
measurable  and  for  which  the  degree  of  precision  is  highest.  They 
are  much  more  numerous  in  the  arc  spectrum  of  titanium  than  in 
that  of  iron,  and  in  general  they  are  likely  to  be  among  the  strongest 
of  the  lines  in  the  spectrum.  The  number  of  lines  in  the  second 
class  is  smaller  than  that  in  the  first  and  the  reversals  as  a  rule  are 
fainter.  Most  of  the  enhanced  fines  in  the  spark  spectrum  of 
titanium  belong  to  this  class. 

The  lines  in  the  third  and  fourth  classes  form  a  majority  of  all 
of  the  lines  measured,  particularly  in  the  less  refrangible  part  of  the 
spectrum  where  reversals  are  comparatively  few.  The  lines  in  the 
third  class  usually  are  well  measurable,  those  in  the  fourth  less  so. 
The  distinction  between  these  two  classes  is  entirely  arbitrar}*  as 
all  lines  are  widened  somewhat  under  pressure. 

The  fifth  class  is  of  great  interest.  Almost  all  of  the  fines  belong- 
ing to  it  occur  in  the  yellow  and  red  portions  of  the  spectrum,  and 
all  show  enormous  displacements.  The  widening  of  these  lines  and 
their  lack  of  symmetry  are  so  great,  however,  that  many  of  them 
are  practically  incapable  of  measurement,  and  for  the  others  the 
degree  of  accuracy  is  extremely  low.  The  measures  when  made  are 
upon  the  maximum,  which  is  always  upon  the  violet  side  of  the 
center  of  the  line. 

Most  of  the  characteristics  of  the  fines  in  the  arc  under  pressure 
apply  equally  well  to  the  same  lines  in  the  spark.  All  lines  in  the 
spark  spectrum  are  much  more  diffuse,  however,  and  the  degree  of 
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accuracy  of  measurement  is  distinctly  lower.  This  is  especially 
true  of  the  enhanced  hnes  of  titanium,  which  as  a  rule  show  very 
faint  unsj-mmetrical  reversals,  which  it  is  extremely  difficult  to 
measure  with  precision. 

In  the  tables  which  follow  are  given  the  results  of  our  measures 
of  the  displacements  of  the  principal  lines  in  the  spectra  of  the  iron 
arc  and  the  titanium  arc  and  spark  for  a  total  pressure  of  9  atmos- 
pheres, the  comparison  spectrum  being  in  each  case  the  same  source 
at  atmospheric  pressure. 

The  wave-length  of  the  line  according  to  Rowland's  table  is 
given  in  the  first  column;  its  t^-pe  as  regards  reversal  and  symmetry, 
referred  to  one  of  the  five  classes  above,  in  the  second  column;  its 
mean  displacement  in  the  fourth  column;  the  mean  deviation  of 
the  separate  determinations  from  the  mean  in  the  fifth  column,  the 
unit  being  o.ooi  Angstrom;  and  the  number  of  plates  in  the  sixth 
column.  In  the  discussion  of  these  displacements  with  relation  to 
their  variation  with  wave-length  the  Knes  are  treated  in  different 
groups.  In  order  to  save  repetition  at  a  later  point  the  group  under 
which  each  line  is  treated  is  given  in  the  third  column.  The 
seventh,  eighth,  and  ninth  columns  in  the  table  for  titanium  give 
the  displacements  of  the  corresponding  lines  in  the  spark  spectrum, 
the  average  de\'iations  of  the  separate  determinations  from  the 
mean,  and  the  number  of  plates  measured.  A  few  lines  not  given 
by  Rowland  are  taken  from  the  lists  of  Hasselberg'  and  Evans.* 

In  general  each  plate  was  measured  four  times,  once  in  each 
direction,  by  two  different  observers. 

Although  we  shall  not  attempt  in  this  place  to  enter  into  any 
extended  discussion  of  the  characteristics  of  the  various  lines  under 
pressure,  there  are  a  few  general  results  evident  from  an  inspection 
of  these  tables  to  which  reference  may  be  made. 

I.  Reversal  is  clearly  a  function  of  wave-length  for  both  arc  and 
spark.  The  number  of  reversed  lines  falls  off  rapidly  toward  longer 
wave-lengths,  there  being  extremely  few  reversals  in  the  red  portion 
of  the  spectrum,  for  either  iron  or  titanium.     The  general  law  was 

'  A siro physical  Journal  4,  212,  1896. 
'  Ibid.,  29,  160,  1Q09. 
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TABI 

.!•:  I 

Iron 

*     J 

1 

0 

1 

Mean  De-I 
viatioa 

No.  of 
Plates 

A 

a 

0 

1 

0 

1 

Mean  De- 
viation 

No.  of 
PUtes 

1 

3600  008  '  1 

b 

0.008 

I 

3 

4202. 198 

I 

b 

0.025 

9 

6 

3bi8 

919      I 

b 

O.OII 

I 

3 

4204.101      3 

b 

0.017 

I 

2 

3631 

<^S  ,   I 

b 

0.015 

I 

3 

4210.494 

5 

c 

0-053 

2 

2 

3^47 

988 

b 

0.012 

4 

3 

4216.351 

3 

b 

0.015 

2 

2 

\bio. 

069 

a 

0.007 

2 

3 

4227.606 

5 

d 

0.  II 

10 

6 

3687. 

610 

b 

0.016 

I 

3 

4233  772 

5 

d 

0.09 

20 

7 

3705- 

708 

a 

0.007 

2 

3 

4236.112 

5 

d 

0.09 

20 

8 

3709 

389 

b 

0.013 

I 

3 

4250. 287 

5 

c 

0.070 

4 

2 

3720. 

084 

a 

0.014 

I 

3 

4250.945 

2 

b 

0.022 

4 

10 

3722. 

729 

a 

O.OIO 

2 

3 

4260.640 

2 

c 

0.051 

8 

8 

3727- 

778 

b 

0.014 

2 

3 

4271  934 

I 

b 

0.022 

3 

10 

3733- 

469 

a 

0.007 

1 

3 

4282.565 

I 

b 

0.021 

4 

7 

3735- 

014 

b 

0.013 

2 

3 

4291.630 

3 

a 

0.014 

0 

I 

3737- 

281 

a 

0.016 

2 

3 

4294.301 

2 

b 

0.029 

5 

6 

3743 

508 

b 

o.ois 

I 

3 

4299.410 

5 

d 

0.09 

20 

6 

3745 

717 

a 

0.008 

I 

3 

4308.081 

I 

b 

0.021 

5 

7 

3746 

058 

a 

0.008 

I 

3 

4315.262 

3 

b 

0.019 

3 

7 

3748 

408      I 

a 

O.OIO 

I 

3 

4325 -939 

I 

.b 

0.020 

4 

7 

374Q 

631  1   I 

b 

0.017 

2 

3 

4337   216 

3 

b 

0.027 

2 

7 

3758 

375      I 

b 

0.022 

2 

3 

4352-908 

3 

b 

0.017 

3 

7 

3763 

945 

b 

0.017 

I 

3 

4369.941 

3 

b 

0.023 

3 

5 

3765 

689 

b 

0.013 

2 

3 

4376.107 

3 

a 

0.018 

2 

7 

3767 

341 

b 

0.017 

I 

3 

4383   720 

I 

b 

0.027 

4 

7 

3788 

046 

b 

0.016 

I 

3 

4404.927 

I 

b 

0.021 

3 

7 

3795 

147 

b 

0.015 

2 

3 

4407.871 

4 

c 

0.053 

2 

2 

3815 

987 

b 

0.024 

2 

3 

4408.582 

4 

c 

0.058 

2 

2 

3826 

027 

b 

0.021 

4 

4 

4415-293 

I 

b 

0.018 

5 

7 

3827 

980  1   I 

b 

0.019 

2 

4 

4422.741 

3 

b 

0.018 

3 

2 

3834 

364  !    I 

b 

0.016 

5 

4 

4427.482 

3 

a 

0.017 

3 

7 

3886 

434      I 

a 

O.OII 

3 

10 

4430-785 

4 

c 

0.048 

8 

4 

3887 

196  1    I 

b 

0.022 

4 

S 

4442.510 

4 

c 

0.053 

9 

7 

3888 

671 

I 

b 

0.020 

3 

6 

4443-365 

3 

b 

0.019 

4 

6 

3895 

803 

I 

a 

O.OII 

4 

7 

4447.892 

4 

c 

0.051 

9 

7 

3899 

850 

I 

a 

0.012 

S 

10 

4454  552 

3 

b 

0.023 

2 

2 

3903 

090 

I 

b 

0.022 

2 

6 

4459-301 

4 

c 

0.051 

8 

7 

3906 

628  1   I 

a 

O.OII 

4 

7 

4461.818 

3 

a 

0.015 

3 

7 

3920 

410      I 

a 

O.OIO 

3 

8 

4466.727 

4 

b 

0.018 

4 

7 

3923 

054      I      a 

O.OII 

3 

9 

4476.185 

4 

b 

0.021 

3 

7 

3928 

075      I      a 

0.012 

4 

9 

i  4489.911 

3 

a 

0.015 

2 

2 

3930 

450      I      a 

0.013 

3 

8 

1  4494  738 

4 

c 

O.OS3 

8 

6 

3956 

819  \  4     b 

0.014 

5 

S 

j  4528.798 

4 

c 

0.061 

4 

S 

3969 

413 

I  :  b 

0.022 

3 

8 

4531   327 

3 

b 

0.029 

2 

4 

3977 

891 

4;  b 

0.017 

4 

3 

4859.928 

5 

c 

O.IOO 

4 

2 

3997 

547 

4 

b 

0.015 

3 

4 

,  4871   512 

5 

c 

0.080 

5 

4 

4005 

408 

I 

b 

0.019 

3 

9 

1  4872.332 

5 

c 

0.094 

5 

4 

4045 

975 

I 

b 

0.023 

4 

S 

'  4878.407 

5 

c 

0.087 

2 

2 

4063 

759      I 

b 

0.020 

S 

S 

4890.948 

S 

c 

0.070 

8 

4 

4071 

908  '   I 

b 

0.021 

4 

5 

4891.683 

5 

c 

0.052 

I 

4 

4132 

235      I 

b 

0.024 

5 

5 

4919,174 

5 

c 

0.072 

3 

4 

4134 

.840     4 

b 

0.027 

2 

2 

1  4920.685 

5 

c 

0.082 

S 

4 

4144 

.038      I 

b 

0.029 

6 

6 

1  4957.480 

5 

c 

0.083 

s 

4 
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TABLE  I — Continued 


A 

u 

1 

6 

A 

Mean  De- 
viation 

No.  of 
Plates 

A 

6 

a 

3 

2 
0 

1 

A 

Mean  De- 
viation 

No.  of 
Plates 

4957-785 

5 

c 

0.086 

3 

3 

5659    OS 2 

5 

d 

0-15 

10 

2 

5227. 

362 

4 

a 

0.031 

5 

6 

5975-575 

4 

b 

0.054 

7 

2 

5233 

122 

5 

d 

O.II 

20 

4 

6027.274 

4 

b 

0.062 

6 

3 

5266 

738 

5 

d 

0.13 

30 

2 

6065 . 709 

4 

b 

0.077 

5 

4 

5269 

723 

I 

a 

0.027 

3 

6 

6136.829 

4 

b 

0.082 

7 

4 

5270 

558 

4 

a 

0.029 

3 

5 

6137-915 

4 

b 

0.078 

3 

4 

5324 

373 

5 

d 

0.12 

20 

5 

6157-945 

4 

b 

0.041 

8 

3 

5328 

236 

I 

a 

0.029 

3 

6 

6173-553 

4 

b 

0.067 

5 

2 

5328 

696 

4 

a 

0.026 

3 

3 

6191.779 

4 

b 

0.086 

4 

4 

S2,32, 

089 

4 

a 

0.029 

3 

2 

6200.527 

4 

b 

0.079 

10 

2 

5340 

121 

5 

d 

0.14 

20 

3 

6213.444 

4 

b 

0.072 

4 

3 

5341 

213 

4 

a 

0.028 

I 

3 

6219.494 

4 

b 

0.073 

2 

3 

5371 

734 

I 

a 

0.029 

2 

6 

6230.943 

4 

b 

0.070 

5 

4 

5393 

375 

5 

d 

0.14 

10 

3 

6246.535 

5 

d 

0.28 

10 

3 

5397 

344 

4 

a 

0.029 

2 

6 

6252.773 

4 

b 

0.077 

3 

6 

5405 

989 

4 

a 

0.027 

3 

6 

6254.456 

4 

b 

0.064 

4 

5 

5429 

911 

4 

a 

0.029 

2 

6 

6256.572 

4 

b 

0.089 

5 

4 

5434 

740 

4 

a 

0.027 

2 

6 

6265.348 

4 

b 

0.070 

4 

5 

5447 

130 

4 

a 

0.031 

3 

6 

6298.007 

4 

b 

0.068 

2 

I 

5455 

834 

4 

a 

0.029 

I 

5 

6301.718 

5 

d 

0.25 

30 

2 

5476 

500 

4 

a 

0.029 

2 

3 

6318.239 

4 

b 

0.080 

4 

2 

5476 

778 

5 

d 

O.II 

10 

2 

6335 -554  '  4 

b 

0.074 

3 

2 

5497 

735 

3 

a 

0.030 

2 

3 

6337-048  1  5 

d 

0.26 

10 

2 

5501 

683 

3 

a 

0.030 

3 

3 

6393.820 

4 

b 

0.072 

7 

2 

5507 

000 

3 

a 

0.031 

4 

3 

6400 .217 

5 

d 

0.24 

10 

2 

5535 

644 

4 

a 

0.034 

4 

3 

6411.865 

5 

d 

0.23 

10 

2 

5569 

848 

5 

d 

0.14 

10 

5 

6421.570 

4 

b 

0.068 

2 

2 

5573 

075 

5 

d 

0.14 

10 

5 

6431.066 

4 

b 

0.068 

4 

2 

5576 

320 

5 

d 

0.16 

10 

2 

6495-213 

4 

b 

0.065 

4 

2 

5586 

991 

5 

d 

0.12 

2 

2 

6546.479 

4 

b 

0.073 

3 

2 

5603 

.186 

5 

d 

015 

10 

2 

6593.161 

4 

b 

0.076 

6 

2 

5615 

.877 

5 

d 

0.13 

20 

2 

6594.121 

4 

b 

0.070 

2 

2 

5624 

.769 

5 

d 

0. 16 

10 

2 

6678.23s 

4 

b 

0.086 

I 

3 

5638 

.488 

5 

d 

1    ' 

0.15 

■0 

2 

Stated  by  Hale  in  1902'  for  the  spark  under  pressure,  but  Duffield's^ 
observations  upon  the  iron  arc  between  A-  4000  and  X-  4500  did  not 
appear  to  indicate  the  same  effect  for  this  source.  Apparently  the 
discrepancy  is  due  to  the  comparatively  limited  region  of  spectrum 
investigated  by  Duffield. 

2.  The  number  of  unsymmetrical  bright  lines  increases  toward 
longer  wave-lengths.  This  is  true  particularly  of  the  high- 
temperature  lines  of  iron,  the  low-temperature  lines  (those  relatively 

'  Astrophysical  Journal,  15,  227,  1902. 
'Phil.  Trans.,  A  208,  iii,  1908. 
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TABLE  II 
Titanium 


Class 

Group 

Arc 

Spark 

A 

A 

Mean  De- 
viation 

=fc 

No.  of 
Plates 

A 

Mean  De- 
viation 

No.  of 
Plates 

3729952 

a 

0.009 

I 

3 

3741-205 

O.OII 

I 

3 

3753  003 

a 

0.014 

4 

3 

3753  732 

a 

0.006 

2 

2 

3759-447 

O.OII 

4 

4 

Enhanced  line 

3761.464 

0.008 

I 

4 

1 

Enhanced  line 

3771-798 

a 

0.007 

3 

3 

I 

3898.645 

3 

a 

0.014 

3 

4 

0.019 

I 

3 

3900.681 

3 

0.034 

12 

5 

0.041 

5 

4 

Enhanced  line 

3901. I 14 

2 

a 

O.OIO 

4 

5 

0.019 

4 

2 

3904.926 

I 

a 

0.019 

4 

7 

0.023 

3 

4 

3913.609 

3 

0.036 

4 

6 

0.037 

3 

4 

Enhanced  line 

3914  477 

a 

0.006 

2 

6 

0.017 

2 

4 

3921-563 

a 

0.005 

2 

6 

0.013 

4 

4 

3924-673 

a 

O.OIO 

2 

6 

0.020 

4 

4 

3926.465 

4 

0.048 

5 

5 

0.042 

2 

2 

3930.022 

a 

0.008 

3 

6 

0.018    !        3 

4 

3947-918 

a 

0.004 

2 

6 

0.014 

4 

4 

3948.818 

a 

0.013 

2 

7 

0.021 

6 

4 

3956-476 

a 

O.OIO 

2 

6 

0.021 

4 

4 

3958-355 

a 

0.015 

3 

7 

0.021 

I 

3 

3962.995 

a 

O.OIO 

4 

6 

0.021 

I 

4 

3964.416 

a 

O.OIO 

3 

6 

0.022 

7 

4 

3981.917 

a 

0.016 

4 

8 

0.022 

3 

3 

3982.630 

a 

0.006 

2 

6 

0.020 

2 

4 

3989.912 

a 

0.016 

3 

9 

o.ci6 

7 

3 

3998 . 790 

a 

0.016 

5 

9 

0.015 

3 

3 

4009 . 079 

a 

0.008 

2 

5 

0.019 

I 

4 

4009 . 807 

a 

0.009 

2 

5 

0.020 

2 

4 

4021.893 

4 

0.051 

2 

3 

4024.726 

a 

0.008 

I 

4 

0.021 

I 

4 

4028.497 

0.018 

2 

2 

Enhanced  line 

4060.415 

a 

0.015 

2 

4 

0.025 

4 

4 

4065 . 239 

a 

O.OII 

2 

4 

0.023 

2 

4 

4078.631 

a 

0.005 

I 

4 

0.017 

2 

4 

4082.589 

a 

0.019 

4 

4 

0.025 

3 

4 

4099.327 

4 

a 

0.028 

3 

4 

0.025 

2 

2 

4112.869 

I 

a 

0.014 

3 

4 

0.015          I 

4 

4151.129 

4 

a 

0.034 

7 

4 

0 . 03 1          2 

3 

4159  805 

4 

a 

0-035 

4 

4 

0.025          I 

2 

4163.818 

4 

0.041 

2 

4 

Enhanced  line 

4164.27 

4 

a 

0.031 

9 

4 

4166.45 

4 

a 

0.030 

3 

3 

4169.46 

4 

1     «■ 

0.034 

I 

3 

4171-213 

4 

a 

0035 

3 

4 

0.044 

0 

2 

4172.066 

4 

1    .  . 

0.042 

2 

3 

Enhanced  line 

4174-61 

4 

a 

0.035 

7 

3 

4183-45 

4 

a 

0.040 

I 

3 

4186.280 

I 

a 

0.016 

3 

5 

0.030 

I 

4 

20 


HENRY  G.  GALE  AXD  WALTER  S.  ADAMS 
TABLE  II— Continued 


Cu\ss  Group 

Arc 

Spark 

A 

A 

Mean  De- 
viation 

No.  of 
Plates 

A 

1 
Mean  De- 
viation 

Xo.of 
Plates 

4188.84 

4 

a 

0.044  1 

2 

4 

1 

4200.946    1 

4 

a 

0039  1 

4 

3 

4203.620 

4 

a 

0.038  ; 

2 

4 

0.030 

I 

2 

4224.792 

4 

0.064 

2 

3 

4227.822    1 

4 

0.073 

I 

3 

4238.00 

4 

a 

0.014 

I 

4 

4263    290 

4 

a 

0.026 

2 

2 

4265.832 

4 

a 

0.037 

I 

2 

4272.701    , 

3 

a 

0.016 

2 

4 

4276.587    1 

4 

a 

0.030 

3 

4 

4278.390    j 

4 

a 

0.043 

3 

4 

4281.530 

4 

a 

0.014 

3 

4 

4282.860 

4 

a 

0.027 

2 

4 

4285.164 

4 

a 

0.036 

3 

4 

4286.168 

I 

a 

0.021 

2 

4     1 

4287.566 

I 

a 

0.024 

~ 

4 

.  . 

4288.310 

3 

a 

0.019 

I 

4     , 

4289.237 

I 

a 

0.025 

3 

4 

4290.080 

3 

a 

0033 

I 

4 

4290.377 

3 

0.046 

2 

S 

0.048 

9 

6 

Enhanced  line 

4291. I 14 

I 

a 

0.022 

2 

5 

0.016 

2 

6 

4294    204 

3 

0.029 

I 

5 

0.039 

6 

6 

Enhanced  line 

4295    914 

I 

a 

0.022 

2 

5 

0.015 

3 

5 

4298.828 

I 

a 

0.025 

2 

4 

0.019 

2 

6 

4299.410 

I 

a 

0.023 

3 

4 

0.034 

4 

6 

4299   803 

I 

a 

0.023 

2 

4 

0.024 

3 

6 

4300.211 

3 

0.029 

4 

4 

0.051 

4 

6 

Enhanced  line 

4300.732 

I 

a 

0.021 

2 

4 

0.018 

3 

6 

4301.158 

I 

a 

0.024 

I 

4 

0.025 

2 

6 

4302    085 

3 

0.033 

2 

2 

Enhanced  line 

4306.078 

1 

a 

0.024 

2 

4 

0.027 

4 

6 

4308   64 

3 

a 

0.019 

6 

3 



4313   034 

3 

0.047 

4 

3 

Enhanced  line 

4314  479 

3 

a 

0.018 

3 

3 

4314  964 

I 

0.032 

4 

3 

4326.520 

3 

a 

0.029 

2 

4 

0.025 

3 

6 

4338.084 

3 

0.017 

3 

4 

0.040 

8 

6 

Enhanced  line 

4346   26 

3 

a 

0.006 

2 

3 

4360.644 

3 

a 

0.042 

4 

3 

4394  093 

4 

a 

0.015 

3 

3 

4395   201 

3 

0.025 

2 

3 

Enhanced  line 

4399  935 

3 

* 

4417  450 

3 

a 

0.027 

4 

4 

0033 

3 

6 

4421.928 

4 

0.038 

8 

3 

Enhanced  line 

4422  985 

4 

a 

0.028 

4 

3 

4426  201 

4 

a 

0.026 

5 

3 

4427. 266 

I 

a 

0.017 

3 

7 

0.026 

I 

7 

4434.168 

4 

a 

0.03s 

4 

3 

4440 .515 

4 

a 

0.02Q 

5 

4 

0.027 

4 

6 

4443  976 

4 

0.021 

2 

1     4 

0.040 

4 

6 

Enhanced  line 

4449  3 »3 

I 

a 

0.039 

4 

!     8 

0.033 

3 

9 
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Class 

Gboup 

Arc 

Spark 

A 

A 

MeanDe-' 
viation 

No.of 
Plates ; 

A 

Mean  De- 
viation 

No.of 
Plates 

4451.087 

I 

a 

0.029 

2         ' 

9 

0.037    i 

3 

3 

4453 

486 

I 

a 

0.040 

4 

10     ' 

0.04s    ' 

3 

9 

4453 

876 

I 

a 

0.026 

5 

5 

0.042    1 

2 

2 

4455 

485 

I 

a 

0.041 

2 

Q 

0  048 

2 

3 

4457 

600 

I 

a 

0.039 

3 

10 

0.044    , 

4 

9 

4465 

975 

I 

a 

0.025 

2 

IC 

0  03,s 

4 

9 

4468 

663 

4 

0.046 

4 

() 

0  059 

7 

8     . 

KnharKCf!  line 

4471 

408 

1 

a 

0.024 

4 

10 

0  029 

4 

9 

4475 

026 

4 

0.074 

4 

5 

j 

4479 

879 

4 

a 

0.027 

2 

5 

0.025 

I 

2 

4480 

752 

3 

a 

0.027 

4 

5 

0  032 

4 

2 

448 1 

438 

I 

a 

0.023 

2 

10 

0.031 

3 

9 

4488 

493 

■  . 

0.054  1 

7 

2 

Enhanced  line 

448Q 

262 

I 

a 

0.029 

5 

6 

0.033 

4 

8 

4501 

445 

4 

0.046 

4 

6 

0.063 

6 

8 

Enhanced  line 

4512 

906 

I 

a 

0.029 

2 

10 

0.039 

4 

9 

4518 

198 

I 

a 

0.029 

2 

10 

0.039 

3 

9 

4518 

866 

3 

a 

0.025 

5 

5 

0.029 

I 

2 

4522 

974 

I 

a 

0.031 

3 

10 

0.040 

4 

9 

4527 

490 

I 

a 

0.029 

3 

IC 

0.041 

4 

9 

4533 

419 

I 

a 

0.031 

2 

10 

0.036 

3 

9 

4534 

139 

3 

0.044 

5 

b 

0.063 

3 

7 

Enhanced  line 

4534 

953 

I 

a 

0.034 

3 

10 

0.036 

5 

9 

4535 

741 

I 

a 

0.029 

3 

9 

0.031 

3 

3 

4536 

094 

I 

a 

0.023 

2 

4 

0.036 

2 

2. 

4536 

222 

I 

a 

0.031 

I 

2 

4544 

864 

I 

a 

0.031 

2 

10 

0035 

2 

9 

4548 

938 

I 

a 

0.031 

2 

10 

0.039 

6 

9 

4549 

808 

4 

0.048 

2 

6 

0.062 

8 

8 

Enhanced  line 

4552 

632 

I 

a 

0.029 

3 

10 

0.041 

3 

9 

4555 

662 

I 

a 

0.029 

2 

8 

0.041 

3 

9 

4562 

814 

3 

a 

0.008 

I 

5 

0.026 

5 

2 

4563 

939 

4 

0.034 

4 

6 

0.053 

6 

7 

Enhanced  line 

4572 

156 

4 

0.051 

5 

6 

0.065 

4 

8 

Enhanced  line 

4590 

126 

0 .  05  2 

5 

2 

ICnhanced  line 

4617 

452 

I 

a 

0.029 

2 

5 

0.038 

I 

2 

4623 

279 

I 

a 

0.027 

3 

5 

0.040 

4 

2 

4629 

521 

I 

a 

0.037 

4 

5 

0.042 

4 

2 

4638 

050 

4 

a 

0.043 

3 

3 

4645 

368 

I 

a 

0.039 

6 

3 

0.043 

2 

2 

4650 

193 

4 

a 

0.037 

4 

3 

0.040 

4 

2 

4656 

644 

I 

a 

0.017 

2 

3 

0.027 

2 

2 

4667 

768 

I 

a 

0.020 

4 

3 

0.023 

I 

2 

4675 

294 

4 

a 

0.030 

I 

3 

0.051 

2 

2 

4682 

088 

I 

1     <* 

0.018 

2 

3 

0.018 

I 

2 

4691 

523 

I 

!     a 

0.038 

2 

3 

4698 

946 

2 

a 

0.037 

2 

3 

0.036 

2 

2 

4710 

.368 

I 

a 

0.041 

4 

3 

0.046 

7 

2 

4722 

797 

4 

a 

0.036 

4 

3 

4723 

359 

4 

a 

0.040 

2 

3 



4742.979 

I 

a 

0.037 

4 

3 

0.040 

2 

a 
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Class 


Group 


Akc 


Spare 


Mean  De- 
viation 


No.  of 
Plates 


4758 
4759 
4766 

4778 
4781 

4799 
4805 
4805 
4820 
4836 
4841 
4848 
4856 
4868 
4870 
4885 
49CX) 
4913 
4915 
4919 
4921 
4928 

4975 
4981 
4991 
4997 
4999 
5007 
5009 

5014 
5016 
5020 
5023 
5025 
5036 
5036 
5038 
5040 
5040 
5043 
5045 
S053 
5062 
5064 
5066 
5071 
5087 
5'09 
Si'3 
5120 

S«4S 


308 
463 
48 
441 

91 
984 
285 
606 

593 
313 

074 
605 
203 
451 
323 
264 

095 

803 

414 

99 

963 

5" 

530 

912 

247 

283 

689 

398 

829 

369 

340 

208 

052 

027 

089 

645 

579 

138 

787 

761 

582 

056 

28s 

836 

12 

666 

239 
to  I 
617 

592 
636 


0.027 
0.031 
0.036 
0.049 
0.034 
0.038 
0.048 
0.074 

0033 
0.051 
0.007 
0.029 
0.029 
0.026 
0.029 
0.026 
0.018 
0.022 
0.021 
0.029 
0.029 
0.032 
0.028 
0.025 
0.029 
0.013 
0.028 
0.027 
0.017 
0.021 
0.027 
0.029 
0.028 
0.027 
0.045 
0.042 
0.048 
0.005 
0.034 
0.032 
0.029 

003s 
0.034 
0.012 
0.069 
0.080 
0.032 
0.032 
0.032 
0.007 
0.029 


5 
5 
3 
3 
3 
3 
3 
6 

9 

7 

10 

3 
6 

4 
5 
7 
4 
4 
4 
4 
4 
4 
4 
7 
7 
4 
7 
7 
4 
4 
4 
4 
S 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
3 
4 
4 
2 

4 
3 
4 


0.030 
0.036 


0.044 


0.041 
0.018 


0.026 


Mean  De- 
viation 


No.  of 
Plates  I 


Enhanced  line 
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Class 


5147- 

5152- 

5173- 

S193 

5210. 

5212. 

5219. 

5238. 

5246. 

5246. 

5251- 

5252. 

5255- 
5260. 

5263. 
5266. 
5282. 
5283. 
5284. 
5289. 
5295- 
5297- 
5298. 

5300- 

5313- 

5338. 

5341- 

5351- 

5366. 

5369 

5389. 

5390- 

5396. 

5404- 

5409- 

5419 

5426. 

5429 
5436. 
5438 
5446 
5453 
5460 

5471 
5472 
5474 
5482 
5490 
5504 
5512 
5512 


652 
361 
917 
139 

555 
503 
87s 
742 
30 

733 
08s 
276 

973 
142 
669 
141 
576 
613 

.601 

.02 

•955 
.407 
.672 
■152 
.422 

•517 

•77 

.261 

.827 

.782 

•371 

.203 

•778 

•25 

.8i 

•42 

•474 

349 
•938 
•507 
■797 
.860 
.721 
.414 
.90 
■436 
.078 

367 
.117 

013 
■741 


Group 


Arc 


Mean  De- 
viation 


0.017 
o.oiS 
0.023 
0.019 
0.015 
0.047 
0.025 
0.048 
0.018 
0.033 
0.027 
0.023 
0.29 

0-33 

0.26 

0.17 

0.028 

0-15 

0-035 

0.042 

0.027 

0.13 

0.088 

0.030 

0-035 

0.043 

0.068 

0.27 

0.032 

0.027 

0.029 

0.029 

0.018 

0.057 

0.015 

0.047 

0.029 

0.044 

0.046 

0.053 

0.027 

0.051 

0.019 

0.037 

0.030 

0.029 

0.028 

0.038 

0.074 

0.021 

0.044 


I 
2 

2 
4 
3 
2 

4 

2 

2 

2 

6 

2 

SO 

30 

no 

20 

5 
20 

9 
5 
3 
5 
5 
6 
I 
5 
4 
20 
1 
2 

3 
2 
2 
6 
I 
6 

9 
I 

n 
6 
7 
4 
5 
2 
I 
2 
3 
5 
4 


No.  of 
Plates 


Spark 


Mean  De- 
viation 


0.022 
0.024 
0.021 
0.022 
O.Ol6 

0.037 
0.041 


0.031 


0.042 


0.048 


0.043 
0.030 

0.052 
0-053 

0.042 

0.044 

0.043 


0.046 
0-035 
0.045 


No.  of 
Plates 


Probablv  Ti 


Probably  Ti 
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Class 


Arc 


Spark 


Gkoup 


5514 
5514 
5565 
5597 
5644 
5648 
566.' 

5675 
5689 
5702 
5708 
5712 
5715 
5727 
5739 
5740 
5781 

5823 
5866 
5880 
5899 
5903 
5918 
5922 
5938 
5941 
5953 
5966 
5978 
5996 
5999 
6064 
6085 
6091 
6093 
6098 
6121 
6126 
6146 
6150 
6186 
6258 
6258 
6261 
63C3 

6366 
6497 
6508 
6546 
6554 


563 

753 
700 
90  I 
365 
796 
374 
647  ' 
694  I 
876  I 
46  ' 
07 

308  , 
271   ' 

698  ; 
195 
130  I 
910  . 

675  ' 
55  I 
518 
555  ' 
773  I 
334  i 
035  ; 

985  ! 
386  : 
055  ' 

768 : 

II  ' 

920 

853 

490 

395 

92  I 

24  i 

435 

48 

02 

65 

322 

927 

316 

98s 

329 

564 

92 

37 

479 

470 


Mean  De- 


No.  of  ' 
Plates 


I  Mean  De- 


No.  of  ! 
Plates  I 


0.048 

0.043 

0.049 

0.000 

0033 

0.29 

0.23 

o  25 

0.25 

0.25 

o 

o 

o 

o 

o 

o 


24 
25 
048 
058 

042 
029 
0.046 
0.032 

0.034 

0.029 

0.034 
0.025 

0.022 
0.048 

0.038 
0.050 
0.020 
036 
oi8 
028 
050 
024 
020 
048 
14 
33 
16 
0.018 

oiS 

049 

000 

071 

066 

070 

048 

029 

032 

056 

0.057 

0.049 

0.034 


2 
6 
o 

I 
40 

3 
20 
10 
20 
10 
20 

3 


20 
2 
4 
5 
4 


8 
10 

3 
7 
6 

5 
2 
6 
6 


Fluting  line 


Fluting  line 
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Arc 

Spaek 

A 

Class  Grocp 

A 

Mean  De-  v„  „f 

A 

Mean  De-  xt»  »f 

0556.308 

6599 -353 
6719.90 
6861 . 770 

4 
3 
4 
4 

d 

a 
a 
a 

0 . 049         0 

0035      15 

0.058          3 
0.084  '       2 

i 

2 

2 
2 
2 

0.059 
0.052 

2 

I 

3 
3 

Strengthened  at  low  temperatures)  being  symmetrical  and,  though 
broad,  fairly  well  defined  as  a  rule. 

3.  Except  in  the  ultra-violet  the  enhanced  hnes  of  titanium  are 
always  bright  in  the  arc  under  a' pressure  of  9  atmospheres.  In  the 
titanium  spark  at  the  same  pressure  they  are  usually  faintly  reversed. 
This  agrees  with  Duffield's  hypothesis  that  conditions  in  the  electric 
spark  are  more  favorable  to  the  production  of  reversals  than  they 
are  in  the  arc. 

4.  The  number  of  reversed  Hnes  at  a  pressure  of  9  atmospheres 
is  somewhat  less  than  that  found  by  Dufheld'  for  pressures  of  20 
to  2^  atmospheres.  This  agrees  with  the  conclusion  of  Humphreys 
that  in  the  case  of  iron,  for  moderate  pressures  at  least,  the  number 
of  reversals  increases  with  the  pressure. 

Some  additional  characteristics  of  certain  of  the  lines  will  be 
referred  to  in  the  course  of  the  discussion  of  the  displacements. 

Since  our  work  upon  the  iron  spectrum  has  been  Hmited  to  the 
arc,  and  all  of  the  photographs  have  been  taken  at  a  pressure  of 
9  atmospheres,  while  the  results  for  titanium  include  both  arc  and 
spark,  and  for  some  of  the  lines  a  variety  of  pressures  as  well,  we 
shall  discuss  the  displacements  for  the  two  elements  separately. 

IRON 

In  the  following  table  we  have  compared  our  results  with  the 
most  recent  values  obtained  by  Humphreys  and  by  DufFiekP  for 
such  lines  as  are  common  to  all  three  sets  of  observers.  To  reduce 
to  a  value  of  9  atmospheres  total  pressure,  Duffield's  values  for 

'  Phil.  Trans..  A  208,  1 1 1,  1908. 

'  Jahrbncli  dcr  Rodioaktivitdt  uud  Eleklronik,  5,  324,  1908. 
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II  atmospheres  are  reduced  by  one-fifth,  while  Humphreys'  values 
for  42  atmospheres  are  divided  by  the  quantity  5.1.  Series  B  in 
Duffield's  investigation  has  been  used,  as  this  is  considered  pref- 
erable bv  the  author. 


Humphreys 


DuflBeld 


Gale  and  Adams 


4132 
4144 
4202 

4233 
4250 
4260 
4271 
4282 
4294 
4308 
4315 
4325 
4337 
4352 
4369 
4376 
4404 

4415 
4422 

4427 
4430 
4442 
4443 
4447 
4454 
4459 
4461 
4466 
4476 
4494 
4531 


23s 
038 
198 

772 
945 
640 

934 
565 
301 
081 
262 

939 
216 
908 
941 
107 
927 
293 
741 
482 

78s 
510 
36s 
892 

552 
301 
818 
727 
185 
738 
327 


0.020 
.023 
.014 
.047 
.017 
.048 
.016 
.009 
.017 
.018 
.007 
.019 
.018 
.010 
.011 
.008 
.022 
.017 

•013 
oil 

•037 
•037 
.012 

•03s 
.016 
.031 
.012 
on 
014 
.040 
o.ois 


0.02I 
.021 
.017 
.144 
.018 
•051 
.017 
.018 
.019 
.019 
.013 
.026 
•034 
.020 
.026 
.017 
043 
■033 
.022 
.018 
•057 
•057 
.022 
.062 
.018 
.063 
.018 
.021 
.021 
.058 

0.026 


0.024 
.029 
.025 
.090 
.022 

•051 
.022 
.021 
.029 
.021 
.019 
.020 
.027 
.017 
.023 
.018 
.021 
.018 
.018 
.017 
.048 

OS3 
.019 

■051 
.023 
•051 
015 
.018 
.021 

053 
0.029 


If  we  omit  the  line  A.  4233.772,  which  is  unsymmetrical  and 
extremely  difficult  of  measurement,  a  comparison  of  the  remaining 
30  lines  gives  the  following  mean  values: 

Humphreys o.oiq 

Dufficld 0.029 

Gale  and  Adams 0.027 

The  agreement  of  our  results  with  those  of  Duflield  is  close,  but 
the  average  value  found  for  the  observations  of  Humphreys  is 
rather  surprisingly  small.  This  may  be  due  in  part  to  the  fact  that 
the  linear  relationshij)  between  displacement  and  pressure  fails  to 


SPECTKA  Ob'  I'c  AM)  Ti  UNDER  PKESSIRE 


21 


hold  at  high  pressures,  although  ihis  seems  improbable  in  view  of 
the  very  close  accordance  found  by  other  observers  for  severa 
elements  and  shown  by  our  own  measures  upon  the  titanium  spec- 
trum. A  few  of  these  lines  measured  by  Humphreys  in  a  previous 
investigation  at  lower  pressures  give  distinct!}'  larger  values  for  the 
displacements,  and  these  agree  closely  with  those  obtained  by 
Duffield  and  ourselves. 

In  any  discussion  of  the  etTect  of  i)ressure  upon  the  lines  of  the 
spectrum  there  is  a  natural  tendency  to  institute  a  comparison  with 
the  other  two  causes  which  are  know^n  to  affect  different  lines  of  a 
spectrum  differently.  The  first  of  these  is  variation  of  temperature; 
the  second  is  the  presence  of  a  magnetic  field. 

The  lines  of  iron  which  are  strengthened  relatively  at  low  tem- 
peratures and  which  are  usually  referred  to  as  ''flame''  hnes  are 
well  known.'  The  most  prominent  of  these  lines  for  which  we 
have  determined  the  pressure  displacements  are  the  following: 


3680 
3705 
3720 
3722 

3733 
3737 
3745 
3746 
3748 
3886 
389s 
3899 
3906 
3920 
3923 
3928 

3930 
4291 
4376 


.069 
.708 
.084 
.600 
.469 
.281 
.717 
.058 
.408 

434 
803 
•  850 
.628 
410 
054 
075 
450 
.630 
.107 


0.007 
.007 
.014 
.010 
.007 
.016 
.008 
.008 
.010 
.011 

oil 
.012 

oil 
.010 
.oil 
.012 

•013 

.014 
0.018 


4427.482 
4461.818 
4489.911 

5227.362 

5269.723 
5328.236 
5333.089 
5341-213 
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5434  -  740 
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017 
015 
015 
031 
027 
029 
029 
028 
029 
029 
027 
029 
027 

031 
029 

02Q 
030 
030 
031 


With  the  exception  of  the  two  lines  /  4291 .630  and  ^  4489.911, 
which  are  faint,  all  of  these  lines  are  suitable  for  measurement, 
being  fairly  sharp  under  pressure,  and  the  precision  of  the  results 

'  De  VVatteville,  Phil.  Trans.,  .\  204,  139,  1904;  .\dams,  Contribulions  from  Ihe 
Mount  Wilson  Solar  Observatory,  No.  40;  .Istropliysical  Journal,  30,  86,  1909. 
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is  high,  especially  for  the  more  refrangible  lines.  Except  in  the 
violet  region  there  are  no  reversed  lines  among  them. 

It  is  apparent  at  a  glance  that  the  displacements  given  by  these 
lines  are  decidedly  smaller  than  those  of  the  other  lines  in  the  same 
region.  The  average  displacement  of  the  17  flame  lines  in  the 
ultra-\aolet  region  is  about  o.oio  Angstrom,  while  the  average  for 
27  other  Hnes  in  the  same  region  is  o. 01 5.  In  the  green  region  the 
difference  is  even  more  striking,  although  here  it  is  not  possible  to 
compare  the  flame  hnes  directly  with  the  other  lines  in  the  same 
region  owing  to  the  fact  that  the  latter  appear  to  belong  to  a  totally 
distinct  group  as  regards  displacements,  giving  values  about  four 
times  as  great  as  the  flame  Hnes.  We  can,  however,  compute  a 
value  for  this  region  from  the  value  in  the  blue  region,  assuming 
the  law  of  variation  according  to  the  cube  of  the  wave-length  which 
seems  to  hold  closely  for  these  hnes.  In  this  way  we  obtain  0.044 
as  against  0.029  for  the  flame  Hnes.  An  interesting  characteristic 
of  the  flame  lines  is  the  close  agreement  of  the  displacements  of  the 
dift'erent  Hnes  in  the  same  part  of  the  spectrum.  This  fact  taken  in 
connection  with  their  behavior  at  reduced  temperatures  makes  it 
very  probable  that  they  form  members  of  a  single  group.  An 
examination  of  the  results  obtained  by  King'  for  the  electric-furnace 
spectra  under  pressure  shows  that  the  flame  Hnes  give  distinctly 
lower  displacements  than  the  other  Hnes  in  this  source  as  well.  It 
is  worthy  of  note  that  in  an  investigation  of  the  displacement  of 
the  spectruni  lines  at  the  sun's  limb-  it  was  found  that  the  flame 
Hnes  in  general  gave  smaller  values  than  the  other  Hnes  of  the  same 
element. 

A  study  of  the  relationship  between  displacements  under  pressure 
and  separations  in  a  magnetic  field  has  been  made  by  King^  for  a 
large  number  of  iron  lines  and  a  considerable  number  of  titanium  and 
chromium  lines.  For  the  purpose  of  comparing  the  displacements 
and  separations  he  has  formed  the  quotients  of  all  the  lines  for 

'  Conlribittious  from  the  Mount  W-ilsoii  Solar  Observatory,  Xo.  53;  Aslrophysical 
Journal.  34,  37,  iqi  i. 

*  Contributions  Jrom  the  Mount  Wilson  Solar  Observatory,  Xo.  43;  Astrophysieal 
Journal,  31,  30,  1910. 

^Contributions  Jrom  the  Mount  Wilson  Solar  Observatory,  Xo.  46;  Astrophysieal 
Journal,  31,  433,  igio. 
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which  the  data  are  available,  and  from  a  comparison  of  these 
quotients  has  concluded  that  no  direct  relationship  exists  between 
the  two  quantities,  although  for  the  average  of  large  groups  of  lines 
the  effects  are  in  the  same  direction. 

It  is  hardly  possible  in  this  place  to  repeat  the  calculations  with 
the  use  of  the  values  of  the  displacements  given  in  this  investiga- 
tion. A  few  results,  however,  which  can  readily  be  confirmed  are 
as  follows: 

1.  The  use  of  the  pressure  displacements  given  here  reduces 
greatly  a  considerable  number  of  the  largest  differences  found  by 
King.  As  examples  we  may  refer  to  A  3920.410,  A  3923.054, 
A  3928.075,  /  3977 .891,  A  4315 .  262,  and  A  4376. 107,  all  of  which 
are  brought  into  much  closer  agreement  with  the  other  lines. 

2.  A  majority  of  the  serious  discordances  between  pressure 
displacements  and  magnetic  separations  are  in  the  cases  of  lines 
which  are  found  to  be  complex  in  the  magnetic  field.  Apart  from 
the  uncertainty  of  measurement  of  the  separations  of  many  of  these 
lines,  it  is  improbable  on  the  basis  of  any  of  the  theories  of  the 
Zeeman  effect  that  there  would  be  a  direct  relationship  between 
separations  and  pressure  displacements  for  such  lines  except  perhaps 
for  those  of  exactly  the  same  type.  We  should  expect  rather  that 
these  lines  would  be  greatly  widened  under  pressure.  It  is  inter- 
esting to  note  in  this  connection  that  nearly  all  of  the  strong  flame 
lines  in  the  yellow  portion  of  the  spectrum  are  complex  in  the  mag- 
netic field,  while  many  of  the  other  lines  are  triplets.  The  former 
lines  show  some  of  the  most  serious  discrepancies  between  separa- 
tion and  displacement  that  are  found  in  the  entire  list.  Similarly 
in  the  violet  part  of  the  spectrum  we  may  refer  to  the  complex  lines 
/  4191.595  and  /  4233.722,  which  show  large  differences. 

3.  Since  the  pressure  displacements  for  iron  vary  as  the  cube  of 
the  wave-length  and  the  magnetic  separations  as  the  square,  it  is 
necessary  in  comparing  the  results  to  multiply  the  separations  by 
the  ratio  of  wave-lengths.  This  is  found  to  bring  the  results  in 
the  less  refrangible  region  of  the  spectrum  into  much  closer 
agreement  with  tho.se  in  the  violet. 

4.  It  seems  probable  from  the  fact  that  the  lines  of  iron  appear 
to  divide  themselves  into  groups,  both  as  regards  pressure  displace- 
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ments  and  magnetic  separations,  that  the  ratios  of  the  two  quan- 
tities may  by  no  means  be  the  same  for  different  groups,  although 
constant  within  any  given  group  for  the  same  tj'pes  of  Unes. 

5.  The  significance  of  the  agreement  of  very  large  and  very 
small  displacements  and  separations  for  certain  Hnes  seems  to  us 
of  great  importance.  Of  the  former  type  we  may  mention  the 
triplets  /  4210.494,  /  4407.871,  A  4430. 785,  and  /  4878.407.  In 
the  red  we  may  refer  to  the  triplet  A  6302 .  709,  which  is  not  measur- 
able under  pressure  but  has  an  immense  displacement.  The  evi- 
dence from  the  behavior  of  such  a  group  of  lines  as  that  between 
A  4430  and  A  4461,  for  which  displacements  and  separations 
unmistakably  rise  and  fall  together,  is  especially  important. 

6.  The  number  of  very  marked  discrepancies  between  size  of 
displacement  and  separation  among  the  triplets  is  not  large,  but  a 
few  of  them  are  very  important.  A  single  most  striking  case  is 
A  6173.553  which  gives  an  average  pressure  displacement  but  an 
exceedingly  wide  separation.  It  is  a  wide  triplet  in  sun-spots. 
Another  case  in  which  the  discordance  is  not  so  great  is  A  4071 .  908. 

7.  Three  Unes  which  show  no  measurable  separation  in  a  mag- 
netic field  have  been  measured  under  pressure.  Two  of  them, 
A  3746.058  and  A  5434.740,  give  small  displacements  under  pres- 
sure, while  the  third  Hne,  A  3767.341,  gives  an  average  value.  All 
three  are  rather  narrow  under  pressure. 

8.  Attention  should  be  called  to  the  extreme  sensitiveness  of 
these  comparisons  to  errors  of  observation.  To  illustrate:  if  we 
assume  a  magnetic  separation  of  0.350  Angstrom  for  a  given  line 
and  a  pressure  displacement  of  0.020  Angstrom,  which  is  not  far 
from  an  average  value  for  the  violet,  we  obtain  the  quotient  17.5. 
For  the  very  best  lines  under  pressure  it  is  difficult  to  obtain  prob- 
able errors  of  less  than  =t 0.002,  which  would  produce  a  variation 
in  the  quotient  of  from  16  to  19.  For  many  lines  the  probable 
error  is  several  times  this  amount.  Furthermore,  our  experience 
with  titanium  at  different  pressures  indicates  that  the  probable 
error  increases  almost  in  proportion  to  the  pressure,  so  that  the  use 
of  high  i)ressures  brings  little  gain  on  account  of  the  deterioration 
of  the  lines.  On  the  side  of  the  magnetic  separations  errors  of 
measurement  also  influence  the  compari.sons,  so  that  a  very  con- 
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siderable  range  in  the  results  is  to  be  expected  from  these  sources. 
The  type  of  separation  also  is  very  often  uncertain,  as  is  shown  by 
the  numerous  changes  in  classification  made  by  the  same  observer 
when  ditTerent  analyzing  apparatus  is  used. 

In  \iew  of  these  results  it  seems  to  us  that  the  balance  of  evidence 
is  somewhat  in  favor  of  a  direct  relationship  between  pressure 
displacements  and  separations  in  the  magnetic  ticld  for  lines  which 
are  of  the  same  type.  For  lines  of  complex  type  and  for  lines  which 
under  pressure  become  extremely  unsymmetrical  the  values  are 
discordant,  a  result  which  is  not  surprising. 

VARIATION    OF   DISPLACEMENT    WITH    WAVE-LENGTH 

As  soon  as  the  measures  of  the  displacements  for  all  the  iron  lines 
were  completed  we  plotted  the  results  upon  a  large  scale,  using 
wave-lengths  as  abscissas  and  displacements  as  ordinates.  A  simi- 
lar chart  is  shown  in  Fig.  i .  The  chart  at  once  shows  that  certain 
groups  of  lines  .for  which  the  average  displacements  differ  widely 
apparently  belong  together.  Furthermore,  a  comparison  of  the 
displacements  of  the  flame  Hnes  with  those  of  the  other  lines  indi- 
cates clearly  that  such  lines  are  to  be  considered  as  a  separate  group. 
In  this  way  four  groups  have  been  found,  and  the  lines  included  in 
each  group  are  indicated  in  Table  I  by  the  letters  a,  b,  c,  and  d. 
Group  a  includes  all  of  the  flame  lines  and  two  or  three  additional 
lines  in  the  yellow  portion  of  the  spectrum,  which  may  be  flame 
lines  but  for  which  observations  are  lacking.  Group  6  is  a  large 
one  and  includes  all  lines  of  small  displacements  which  are  not 
included  in  group  a.  It  may  well  be  complex  in  nature  but  in  the 
absence  of  criteria  for  separating  it  into  smaller  groups  we  are 
obhged  to  consider  it  as  a  unit.  Group  c  consists  of  lines  showing 
much  larger  displacements  than  those  of  group  b.  It  contains  two 
fairly  distinct  clusters  of  lines,  one  in  the  \nolet  and  one  in  the  blue 
green.  The  lines  are  all  bright  under  pressure  and  especially  in  the 
green  region  unsymmetrical  and  difficult  of  measurement.  Group 
d  is  made  up  of  a  very  few  lines  in  the  violet,  a  fair-sized  group 
in  the  greenish  yellow,  and  a  small  number  in  the  red,  all  of  which 
show  immense  displacements.  The  lines  are  bright  and  widened 
enormously  to  the  red,  the  wings  extending  sometimes  from  5  to  10 
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Angstrom  units.  The  precision  of  measurement  upon  these  Hues 
necessarily  is  very  low,  in  some  cases  the  determination  amounting 
to  httle  more  than  an  estimate  of  the  maximum  within  the  broad 
band. 

The  average  values  of  the  displacements  and  of  the  correspond- 
ing wave-lengths  for  the  lines  forming  these  groups  provide  us  the 
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Fir,.  I.— Displacement  of  lines  of  the  iron  arc  at  8  atmospheres  pressure. 

material  for  a  discussion  of  the  variation  of  displacement  with  wave- 
length. In  the  following  table  the  results  are  collected  for  the  four 
groups.  The  second  column  gives  the  mean  of  the  wave-lengths  of 
the  lines  for  which  the  mean  displacement  is  formed.  The  third 
column  contains  the  mean  displacements  expressed  in  Angstrom 
units.  The  fourth  column  gives  the  number  of  lines  for  each 
portion  of  the  group.     It  is  evident  from  a  simple  inspection  of  the 


SPECTRA  or  F,    AM)  Ti  ISDER  rRESSlRE 


33 


results  that  the  increase  of  displacement  toward  longer  wave- 
lengths is  much  more  than  would  be  given  by  a  law  based  on  the 
tirst  power  of  the  wave-length.  In  the  last  two  columns  of  the  table 
are  given  the  residuals  for  two  hypotheses:  first,  that  the  displace- 
ment varies  as  the  square  of  the  wave-length;  second,  that  it  varies 
as  the  cube  of  the  wave-length."  The  reductions  have  been  made 
by  least  squares,  with  weights  assigned  according  to  the  number  of 
lines.  The  fourth  group  is  of  course  of  very  low  weight  compared 
with  the  others. 
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These  results  are  also  shown  graphically  in  Fig.  2.  The  points 
correspond  to  the  observed,  and  the  curves  to  the  computed  values, 
assuming  the  law  of  the  cube  of  the  wave-length. 

It  is  clear  from  the  results  that  the  displacements  for  all  of  the 
groups  of  lines  are  represented  with  a  surprisingly  high  degree  of 
accuracy  by  a  law  which  involves  the  third  power  of  the  wave- 
length, and  in  \iew  of  the  great  range  of  wave-length  covered  by 
the  observations  this  ma\-  probably  with  safety  be  assumed  to  be 
true  of  the  entire  iron  spectrum.  In  some  recent  work  by  Rossi 
upon  the  arc  spectrum  of  vanadium,^  he  concludes  from  his  observa- 

'  Strictly  speaking  the  means  of  the  second  and  third  powers  of  the  indi\-idual 
wave-lengths  should  be  used  instead  of  the  second  and  third  powers  of  the  means  of 
the  wave-lengths,  but  the  diflerence  is  negligible  for  the  purposes  of  this  comparison. 

*  Aslrophysical  Journal,  34,  21,  191 1. 
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tions  that  ''the  displacement  seems  to  be  roughly  proportional  to 
the  square  or  a  higher  power  of  the  wave-length,"  and  Duffield  in 
his  investigation  of  the  iron  spectrum  found  that  the  linear  relation- 
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6000 


Fig.  2. — Mean  displacement  and  mean  wave-length  of  iron  groups.  Curves 
represent  computed,  points  observed,  values. 

ship  would  not  hold.  Similarly  Duflield  in  his  discussion  of  the 
effect  of  pressure  upon  the  arc  spectra  of  silver  and  gold  writes:' 

It  seems  at  least  certain  that  the  displacement  varies  with  a  higher  power 
of  the  wave-length  than  the  first  upon  which  it  was  previously  believed  to 
depend.  The  results  of  the  present  investigation  favor  a  dependence  upon 
the  third  power  of  the  wave-length,  and  this  agrees  with  some  theoretical 
deductions  made  by  Dr.  O.  W.  Richardson.^ 

From  the  results  of  his  investigation  of  the  iron  spectrum 
Duflield  concluded  that  there  are  three  groups  of  lines  for  which 

'  Phil.  Trans.,  A  211,  66,  191 1.  '  Phil.  Mag.,  14,  557,  iQO?- 


SPECTRA  OF  Fc  AND  Ti  UNDER  PRESSURE  35 

the  displacements  are  approximately  in  the  ratio  of  i :  2 :4.  A  com- 
parison with  his  results  shows  that  so  far  as  the  same  lines  have  been 
measured  these  groups  are  identical  with  our  groups  b,  c,  and  d, 
except  for  the  fact  that  we  have  included  the  flame  lines  in  a  sepa- 
rate group.  In  addition,  the  line  X  4260.640  which  Duffield  places 
in  group  3  is  placed  by  us  in  group  b.  It  is  a  very  unsymmetricall\- 
reversed  line  and  subject  to  great  variations  in  appearance  under 
pressure.  If  we  compare  the  violet  portions  of  these  groups, 
reducing  to  wave-length  /  4287,  we  obtain  the  ratios: 
bed 
I  2.Z  4-5 

Similarly  Duffield  has  for  his  groups: 

I  II  III 

I  2.0  4.5 

The  agreement  between  the  two  sets  of  results  is  close  and  in 
view  of  the  accuracy  of  the  results  the  departure  from  the  whole 
numbers  seems  to  be  sufficiently  great  to  make  the  integer  relation- 
ship improbable.  If  we  include  the  group  of  flame  lines  we  obtain 
the  ratio  0.67  between  groups  b  and  a;  or,  if  we  reduce  all  values 
to  group  a  we  find  the  relationship : 

a  bed 

I  1.5  3.4  6.6 

If  the  first  two  groups  are  united  we  have  the  ratios 

I  2.5  4.9 

It  seems  to  us  therefore  improbable  that  the  displacements  of 
the  different  groups  of  iron  lines  bear  ratios  to  one  another  which 
are  proportional  to  small  integers. 

TITANIUM 

Two  previous  investigations  of  the  arc  spectrum  of  titanium 
under  pressure  are  available.  The  first  of  these,  by  Humphreys,' 
was  carried  on  at  pressures  between  42  and  loi  atmospheres,  and 
the  second,  by  Rossi,^  at  pressures  between  16  and  loi  atmospheres. 
Unfortunately  very  few  lines  are  common  to  all  three   series  of 

'  A siro physical  Journal,  26,  18,  IQ07. 
'  Proc.  Roy.  Soc,  A  83,  414,  iQio- 
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observations.  A  comparison  with  the  results  of  Humphreys  shows 
that  our  values  are  larger  by  about  the  same  amount  as  in  the  case 
of  iron.  The  average  of  the  lines  agrees  well  with  that  of  Rossi, 
although  there  are  some  large  individual  discrepancies. 

One  of  the  features  which  stands  out  most  prominently  in  these 
results  is  the  behavior  of  the  enhanced  lines.  A  large  majority  of 
them  show  displacements  decidedly  largei  than  those  of  the  great 
proportion  of  arc  lines  in  the  ^dcinity,  in  some  parts  of  the  spectrum 
the  average  difference  amounting  to  as  much  as  50  per  cent.  The 
effect,  however,  is  not  true  of  all  enhanced  lines,  such  hues,  for 
example,  as  /  4338 .  084  and  /  4443 .  976  showing  small  values  as  com- 
pared with  neighboring  arc  lines.  Nearly  all  of  the  enhanced  lines 
present  in  the  arc  spectrum  are  bright  at  a  pressure  of  9  atmospheres, 
and  being  rather  broad  and  diffuse  are  difficult  of  measurement. 
We  have  for  this  reason  given  especial  attention  to  them,  particu- 
larly in  the  region  A  4300  to  /  4600,  and  few  of  the  values  are  based 
upon  the  measurement  of  less  than  four  plates.  The  exceptional 
behavior  of  most  of  these  Hnes  is  fully  confirmed  by  the  spark 
results,  and  is  of  marked  interest  in  view  of  their  importance  in 
solar  and  stellar  spectroscopy. 

An  inspection  of  the  results  given  in  Table  II  shows  that  the 
intermLxture  of  the  groups  in  the  spectrum  of  titanium,  if  such 
exist,  must  be  most  compUcated,  and  the  simple  expedient  of  plot- 
ting the  displacements  graphically,  which  proved  so  useful  in  sepa- 
rating the  groups  of  lines  in  the  iron  spectrum,  has  been  of  little 
value.  In  the  violet  part  of  the  sj)ectrum  nearly  all  of  the  lines  as 
far  as  /  4080  are  reversed  and  show  small  displacements.  At  this 
point,  however,  begins  a  series  of  unreversed  lines  extending  to 
/  4285,  which  show  relatively  large  displacements.  Beyond  /  4290 
both  reversed  and  unreversed  lines  occur  and  the  average  displace- 
ment is  less  than  in  the  region  /  4080  /  4290.  In  the  green,  yel- 
low, and  red  portions  of  the  spectrum  the  number  of  reversed  lines 
falls  off  steadily  but  the  displacements  are  found  to  range  between 
very  small  and  very  large  values,  although  showing  a  marked 
increase  on  the  average.  There  is  probably  little  doubt  that  the 
collection  of  lines  showing  displacements  of  some  0.2  Angstrom  in 
the  green  and  yellow  parts  of  the  spectrum  form  parts  of  a  group 
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similar  to  group  d  in  the  iron  spectrum.  The  violet  members  of 
this  group  may  perhai)s  ije  /  4318  and  A  4321,  which  have  displace- 
ments of  about  o.  I  Angstrom.  These  lines  are  all  unreversed  and 
immensely  widened  toward  the  red,  and  very  similar  in  appearance 
to  the  iron  lines  of  group  d. 

A  comparison  of  the  titanium  lines  of  group  (/  with  those  which 
are  affected  in  sun-spots  shows  that  the  lines  which  are  most 
strengthened  in  spots  as  a  rule  show  small  displacements  under 
pressure,  although  the  agreement  is  by  no  means  perfect.  The 
fact  that  the  number  of  low-temperature  lines  increases  very 
rapidly  in  the  less  refrangible  parts  of  the  spectrum  may  account, 
perhaps,  for  the  lower  average  for  the  displacements  of  the  titanium 
lines  in  these  regions. 

In  view  of  the  impossibihty  of  separating  the  groups  in  the 
titanium  spectrum  it  is  perhaps  not  surprising  that  a  general  com- 
parison of  our  pressure  displacements  with  the  separations  in  a 
magnetic  field  gives  little  e\-idence  of  any  direct  relationship  between 
these  quantities.  As  in  the  case  of  iron,  the  use  of  these  displace- 
ments instead  of  those  of  Humphreys  reduces  in  a  marked  degree 
the  number  of  large  discordances  for  hnes  which  are  simple  triplets  in 
the  magnetic  field.  Such  lines,  however,  as  /  4841 .074.  /  5040. 138, 
and  A  5120.592,  which  show  very  small  pressure  displacements  but 
average  separations,  must  necessarily  form  part  of  a  separate  group 
and  a  much  larger  number  of  groups  than  in  the  case  of  iron  must 
be  assumed  in  order  to  account  for  the  wide  variations  observed. 
The  question  must  be  considered  an  open  one. 

The  relationship  between  displacement  and  wave-length  in  the 
case  of  titanium  clearly  is  complicated  by  the  presence  of  the  differ- 
ent groups  of  lines.  A  rather  surprising  result  is  given  if  we  form 
simple  means  of  the  displacements  for  definite  regions  of  the  spec- 
trum. Omitting  the  enhanced  lines  and  some  Hnes  with  very  large 
displacements  already  referred  to,  the  remainder  (indicated  by  a 
in  Table  II)  give  the  average  values  on  the  following  page. 

In  the  last  two  columns  are  given  the  residuals,  assuming:  first, 
that  the  displacement  varies  as  the  square  of  the  wave-length; 
second,  that  it  varies  as  the  third  power  of  the  wave-length.  The 
results  show  clearly  that  the  law  of  the  square  of  the  wave-length 
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satisfies  the  observations  the  more  closely.  In  the  iron  spectrum,  on 
the  other  hand,  the  law  was  found  to  be  the  third  power  of  the  wave- 
length.    As  already  indicated,   the  relatively  large  value  of  the 
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4700-5700. 
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38 


+0.0016 
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—0.0038 


"Hr 


+0.0064 
+0.0023 
—0.0102 


average  displacement  in  the  violet  is  due  to  a  considerable  extent 
to  the  group  of  unreversed  lines  of  large  shifts  between  A  4080  and 
A  4285.  If  these  were  omitted,  however,  and  only  reversed  Hnes 
considered  throughout  the  entire  spectrum,  the  difficulty  would 
remain  that  the  reversed  Hnes  in  the  region  A  4400  to  A  4600  give  a 
value  of  the  displacement  quite  as  large  on  the  average  as  do  the 
reversed  lines  in  the  region  A  4800  to  A  5200.  Accordingly  it  seems 
impossible  without  separating  the  lines  in  a  very  arbitrar}-  way  to 
obtain  a  series  of  average  displacements  which  will  harmonize  with 
a  law  based  upon  the  third  power  of  the  wave-length.  It  is  sufficient 
to  state  that  for  the  general  averages  of  large  numbers  of  lines  taken 
throughout  the  spectrum  the  law  of  the  square  of  the  wave-length 
seems  to  hold  closely,  and  to  leave  further  discussion  to  a  time  when 
it  is  possible  to  distinguish  groups  in  the  titanium  spectrum. 

It  may  be  of  interest  in  this  connection  to  call  attention  to  some 
other  results  which  suggest  the  possibility  that  the  law  of  variation 
of  displacement  with  wave-length  may  differ  between  titanium  and 
iron.  At  the  sun's  limb  the  lines  of  nearly  all  the  elements  are 
.shifted  slightly  toward  the  red  relative  to  their  positions  in  the 
spectrum  of  the  center  of  the  sun,'  a  result  due  jirobabh-  to  the 
greater  inilucnce  of  the  lower  strata  of  gas  in  the  production  of  the 
lines  in  the  limb  .spectrum,  A  study  of  the  displacements  of  a  large 
number  of  lines  of  different  elements  by  Adams^  shows  that  in  the 
case  of  iron  the  change  of  displacement  with  wave-length  is  not 

'  }{alm,  Aslronomischf  Sachriclitcn,  173,  273,  1907. 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  .No.  43;  Aslrophysical 
Journal,  31,  30,  19 10. 
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far  from  proportional  to  llu-  s(iuarc  of  the  wave-length,  while  in  the 
case  of  titanium  it  is  nuich  less,  being  more  nearly  proportional  to 
the  first  power.  In  other  words,  if  two  groups  of  iron  and  titanium 
lines  had  the  same  average  displacement  in  one  part  of  the  spectrum 
Ao,  in  any  other  part  /  the  average  displacements  would  bear  the 
relationship 

This  is  the  same  result  as  that  which  we  have  found  for  iron  and 
titanium  under  pressure.  Conditions  in  the  sun  are,  of  course, 
very  complicated,  and  the  displacement  of  each  line  depends  upon  its 
level,  the  amount  of  scattering  and  absorption  of  light  in  different 
portions  of  the  spectrum,  the  thickness  of  the  absorbing  vapor,  and 
many  other  factors  as  well.  For  these  reasons  we  might  expect 
that  the  law  of  variation  of  displacement  with  wave-length  would 
differ  from  that  found  in  laboratory  spectra.  Unless  we  assume  a 
radically  different  level  for  iron  and  titanium  in  the  solar  atmos- 
phere, however,  we  should  expect  the  two  elements  to  bear  the  same 
relationship  to  one  another  in  the  sun  as  that  which  they  bear  in 
the  laboratory,  and  this  appears  to  be  the  case. 

Another  result  which  may  have  a  bearing  upon  the  question  of 
a  difference  in  the  laws  of  variation  of  displacement  with  wave- 
length for  different  elements  is  contained  in  a  few  measurements  we 
have  made  upon  some  series  lines  in  the  spectrum  of  calcium  at  a 
pressure  of  9  atmospheres  (total).  The  second  subordinate  series 
of  calcium  contains  a  triplet  in  the  violet  beginning  at  A.  39.^9  and 
a  triplet  in  the  red  at  X  6102.  The  red  lines  are  fairly  well  measur- 
able, but  the  violet  lines  are  extremely  poor  in  quality.  We  have, 
however,  succeeded  in  obtaining  a  few  measures  upon  two  of  them. 
The  results  follow: 
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The  close  agreement  of  the  separate  lines  is  largely  accidental, 
as  their  quality  is  not  such  as  to  warrant  it.  Averaging  the  two 
sets  of  lines  we  find : 


A 

A 

Obs.  — Comp. 

3965 '              0083 

biZQ 0.137 

-0.003 
+  0.004 

It  is  clear  that  the  relationship  between  displacement  and  wave- 
length'for  these  results  is  very  nearly  a  linear  one.  The  last  column 
gives  the  residuals  on  such  a  hypothesis.  Since  these  are  series  lines 
there  can  be  no  doubt  of  their  connection  with  one  another,  and 
although  the  accuracy  of  measurement  is  low,  it  is  hardly  probable 
that  the  results  can  be  in  error  sufficiently  to  admit  of  a  law  con- 
taining the  second  power  of  the  wave-length,  much  less  the  third. 

Although  it  is  not  possible  to  consider  differences  in  the  law  of 
change  of  displacement  with  wave-length  for  different  elements  as 
established  by  these  results,  there  is  perhaps  sufficient  evidence  to 
warrant  a  reference  to  the  chemical  relationship  of  the  three  ele- 
ments. Calcium,  titanium,  and  iron  appear  in  the  second,  fourth, 
and  eighth  groups  of  the  Mendclejeff  table,  with  atomic  weights  of 
40,  48,  and  56,  and  atomic  volumes  of  25,  13,  and  7,  respectively. 
It  is  perhaps  conceivable  that  the  law  which  connects  pressure  dis- 
placement with  wave-length  may  be  different  for  the  different 
groups  of  the  Mendelejeff  table. 

The  principal  question  remaining  for  consideration  in  these 
results  is  that  of  a  possible  dilTerence  between  the  displacements 
of  arc  and  si)ark  lines  at  the  same  j^rcssure.  The  quality  of  the 
spark  lines  under  pressure  unfortunately  is  as  a  rule  by  no  means 
equal  to  that  of  the  corresi)onding  arc  lines,  the  reversals  being 
much  wider  and  more  diffuse  and  the  unreversed  lines  often  less 
symmetrical.  An  inspection  of  the  tables  shows  a  marked  tendency 
toward  higher  values  for  the  spark  displacements.  Probably  the 
most  accurate  results  may  be  ()l)taine(l  from  a  comparison  of  a  list 
of  20  lines,  none  of  which  is  enhanced,  between  /  4427  and  /  4555, 
employed  in  an  investigation  of  the  variation  of  displacement  with 
amount  of  pressure  and  given  in  Table  III.  The.se  lines  have  been 
measured  u|)on  an  e.xcejjt  ionally  large  number  of  spark  photograi)hs 
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so  thai  tho  results  obtained  should  be  reasonably  comparable  in 
accuracy  with  the  arc  values.  Taking  the  means  of  the  displace- 
ments of  these  20  lines  we  tind  the  values: 

-^S'.irk  =  0.037,       Aarc  =  0.030;       OF  A,,,,,ri,  —  A^rc  =  O  .  OO7  AngStrom. 

\'ery  nearly  the  same  value  is  given  by  a  comparison  of  the  lines 
throughout  the  entire  spectrum.  It  seems  hardly  probable  that  a 
difference  of  this  magnitude  can  be  due  to  uncertainty  of  measure- 
ment, and  the  fact  that  arc  and  spark  photographs  were  taken  under 
exactly  the  same  conditions,  sometimes  alternating  with  one 
another,  reduces  the  probabiUty  of  instrumental  source  of  error. 
Since  the  reversals  of  the  spark  lines  are  broader  than  those  of  the 
arc  it  is  possible  that  the  larger  displacements  in  the  spark  are  due 
to  an  average  widening  of  the  reversals  toward  the  red  more  than 
toward  the  violet,  and  as  the  amount  of  this  effect  would  no  doubt 
be  peculiar  to  each  line  it  might  well  account  for  the  large  variations 
between  separate  lines.  The  reversals  in  most  cases,  however, 
appear  symmetrical  upon  the  photographs. 

In  the  case  of  the  enhanced  lines  the  differences  between  arc  and 
spark  displacements  are  even  more  marked.  The  average  dijfer- 
ence  for  all  of  the  enhanced  lines  which  occur  in  both  lists  is  0.014 
Angstrom,  or  about  twice  that  found  for  the  other  lines.  The 
values  are 

■^spark  =  O  .  05  I  ;       -^^^0  =  0.037. 

The  enhanced  lines  in  the  spark  spectrum  are  exceedingly  difficult 
of  measurement,  but  there  probably  can  be  little  question  of  the 
existence  of  a  difference  of  considerable  size.  The  percentage  of 
increase  of  the  spark  values  over  those  of  the  arc  also  is  greater 
than  for  the  other  lines. 

The  important  question  whether  the  relationship  between  dis- 
placement and  amount  of  pressure  is  strictly  linear  has  been  con- 
sidered by  all  who  have  carried  on  pressure  investigations. 
Humphreys,  Dufheld,  and  Rossi  have  all  shown  that  over  a  wide 
range  of  pressures,  for  the  most  part  above  15  atmosi)heres,  the  dis- 
placements are  directly  proportional  to  pressure  within  the  accuracy 
of  the  observations,  although  Duffield  found  some  contradictory 
results  between  15  and  25  atmospheres.  In  order  to  make  an 
accurate  test  of  the  law  at  low  pressures  we  have  taken  a  special 
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series  of  photographs  of  the  titanium  arc  in  the  region  /  4300- 

/  4600  at  pressures  ranging  from  2  atmospheres  to  16  atmospheres 

above  atmospheric  pressure.    A  few  photographs  in  a  partial  vacuum 

have  been  obtained  as  well.     We  have  selected  a  hst  of  20  lines,  all 

of  which  are  reversed  and  well  adapted  for  measurement  on  these 

photographs,  and  have  used  the  averages  of  the  displacements  of 

these  20  lines  at  the  various  pressures  for  purposes  of  comparison. 

The  results  for  each  line  together  with  the  mean  de\*iations  are 

given  in  Table  III. 

T.\BLE  III 
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If  we  assume  the  linear  relationship  and  reduce  the  mean  values 
by  a  least-squares  solution  we  obtain  the  following  residuals: 
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The  Uiry;est  deviation  trDiii  ihc  linear  law.  atcordingly,  al  any  of 
these  pressures  is  found  to  be  only  0.0028  Angstrom.  The  dis- 
placement per  atmosphere  is  given  in  the  last  column  of  the  table. 
The  average  of  these  values  is  0.0041  Angstrom.  Similarly  for  the 
average  displacement  between  15  and  100  atmospheres  for  16  of  the 
same  lines  Rossi  finds  o .  0045.  The  close  agreement  of  these  results 
makes  it  almost  certain  that  the  linear  law  of  the  variation  of  dis- 
placement with  pressure  holds  perfectly  between  atmospheric  pres- 
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Fig.  3. — Mean  displacement  of  20  selected  titanium  lines  al  different  pressures. 

sure  and  loi  atmospheres.     The  results  are  shown  graphically  in 

Fig-  3- 

In  the  course  of  the  investigation  a  number  of  photographs  were 

made  of  the  titanium  arc  in  an  atmosphere  of  illuminating  gas. 

The  arc  under  such  conditions  burns  very  poorly,  and  it  is  necessary 

to  employ  a  very  short  gap  and  secure  the  exposure  from  a  series  of 

intermittent  flashes  rather  than  a  continuous  flame  as  in  air  or 

carbon  dioxide.     The  photographs  were  all  made  at  a  pressure  of 

4  atmospheres.     It  is  well  known  that  an  atmosphere  of  hydrogen 

has  the  etTect  of  strengthening  the  enhanced  lines  at  atmospheric 
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pressure  and  the  same  is  found  to  be  true  at  a  pressure  of  4  atmos- 
pheres. We  have  measured  on  these  photographs  most  of  the  arc 
lines  in  the  selected  Hst  of  20  lines  and  also  all  well-measurable 
enhanced  Hnes  in  the  same  region.  The  appearance  of  the  hnes 
does  not  differ  greatly  from  that  in  an  atmosphere  of  carbon  dioxide 
except  for  the  greater  relative  strength  of  the  enhanced  lines.  The 
arc  hnes  measured  are  all  reversed;  the  enhanced  lines  unreversed. 
The  results  are  shown  in  Table  IV,  compared  with  the  correspond- 
ing values  for  the  same  pressure  in  an  atmosphere  of  carbon  dioxide. 
The  displacements  are  in  thousandths  of  an  Angstrom. 
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The  interesting  result  is  brought  out  l)y  these  measures  that 
while  the  16  arc  lines  in  the  list  give  practically  identical  values  in 
hydrogen  and  carbon  dioxide,  the  enhanced  lines  show  distinctly 
larger  values  in  hydrogen.     The  average  values  for  A;;  — A^^q,  are: 

16  arc  lines —  o  0007 

7  enhanced  lines +0.0061 

Moreover,  the  increase  of  displacement  in  hxdrogen  for  an  enhanced 
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line  seems  to  he  a  direct  function  of  the  normal  displacement  of  the 
line,  amounting  to  ahout  25  per  cent  at  4  atmospheres.  Thus  the 
line  A  4443.076  which  is  displaced  only  0.007  ''i  ^  ^^-'  '^  disj>laced 
0.009  in  //.  while  /  4501.445  which  is  displaced  0.027  •"  ^^^  '^ 
displaced  0.034  in  //,  the  same  ratio  holding  for  both.  In  view  of 
the  quality  of  the  lines  and  the  accuracy  of  the  measures  it  seems 
to  us  that  this  result  is  almost  certainly  geniune  and  that  the  nature 
of  the  surrounding  gas  exerts  an  influence  upon  the  disj)lacements 
of  the  enhanced  lines.  It  appears  probable,  therefore,  that  a  change 
from  a  carbon  dioxide  to  a  hydrogen  (illuminating  gas)  atmosphere 
atTects  not  only  the  intensities  but  the  displacements  of  the  enhanced 
lines  in  the  same  way  as  does  a  change  from  arc  to  spark. 

We  have  already  referred  to  some  of  the  more  important  appli- 
cations of  the  results  of  this  investigation  to  solar  spectroscopy. 
The  fact  that  the  enhanced  lines  show  materially  larger  (lisi)lace- 
ments  both  at  the  sun's  limb  and  under  pressure  than  do  the  other 
lines  strengthens  greatly  the  view  that  pressure  is  the  efifective 
agent  in  producing  the  solar  displacements.  As  was  pointed  out 
previously,  evidence  in  the  same  direction  is  afTorded  by  the  two 
facts  that  both  in  the  arc  under  pressure  and  at  the  sun's  limb  the 
low-temperature  lines  give  small  displacements,  and  that  both  in 
arc  and  sun  the  ratio  of  the  laws  of  change  of  displacement  with 
wave-length  for  iron  and  titanium  is  the  same.  We  have  referred 
briefly  in  an  earher  communication'  to  the  possible  bearing  upon 
the  character  of  the  spectrum  of  the  solar  chromosphere  of  the  fact 
that  at  moderate  pressures  the  enhanced  hnes  remain  bright  while 
a  majority  of  the  other  lines  are  reversed.  A  result  which  prob- 
ably has  an  application  in  the  same  direction  but  especiall>-  to  the 
spectrum  of  the  upper  chromosphere  and  of  prominences  is  furnished 
by  our  photographs  of  the  titanium  arc  at  reduced  pressure.  These 
show  a  marked  increase  of  relative  intensity  for  the  enhanced  Hnes 
as  compared  with  that  which  they  have  at  atmospheric  pressure.^ 
At  the  very  low  pressures  of  the  upper  j)ortions  of  the  solar  atmos- 
phere this  fact  may  well  account  for  the  prominence  of  the  enhanced 

'  Sriencc,  32,  881,  lyio. 

'A  similar  result  has  been  found  by  Barnes  for  .1/,  .1/^',  and  Cu,  Astropliysical 
Joiintnl.  34,  159,  191 1. 
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lines  in   the  flash  spectrum.     The   change  of  intensities  of  the 
enhanced  Hnes  at  reduced  pressure  is  well  shown  in  Plate  III. 

SUMMARY 

An  investigation  of  the  arc  spectrum  of  iron  at  a  pressure  of  9 
atmospheres  and  of  the  arc  and  spark  spectra  of  titanium  at  pres- 
sures of  from  a  partial  vacuum  to  17  atmospheres  over  a  range  of 
wave-length  from  A  3600  to  /  6800  furnishes  the  following  results: 

1.  Reversal  is  a  function  of  wave-length,  being  most  frequent  in 
the  more  refrangible  part  of  the  spectrum  and  becoming  less  so 
toward  longer  wave-lengths. 

2.  With  reduction  of  pressure  below  one  atmosphere  the 
enhanced  lines  in  the  spectrum  of  titanium  become  relatively 
stronger. 

3.  The  low-temperature  hnes  of  iron  appear  to  form  a  distinct 
group  and  have  small  displacements  under  pressure. 

4.  The  Other  lines  of  iron  may  be  divided  into  three  groups  for 
which  the  displacements  bear  the  approximate  ratios  1:2.3:45. 
If  the  flame  lines  are  taken  as  a  separate  group  the  ratios  are 
I  :  1.5  :  3.4  :  6.6. 

5.  There  appears  to  be  some  evidence  in  favor  of  a  direct  rela- 
tionship between  pressure  displacement  and  magnetic  separation 
for  iron  when  lines  of  the  same  group  and  of  the  same  type  of 
separation  are  considered.  In  the  case  of  titanium,  for  which  it 
has  not  been  possible  to  distinguish  well-marked  groups  of  Hnes,  no 
evidence  of  a  connection  with  magnetic  separation  is  found. 

6.  The  values  of  the  average  displacement  for  the  four  iron 
groups  at  different  wave-lengths  are  well  represented  by  a  law  of 
variation  of  displacement  with  the  third  power  of  the  wave-length. 
If  we  form  simple  means  of  the  displacements  of  the  titanium  lines 
for  considerable  portions  of  the  spectrum  the  values  are  well  repre- 
sented by  a  law  of  variation  with  the  second  power  of  the  wave- 
length. The  difTerencc  from  iron  may  be  due  to  the  intermixture 
of  Narious  groups  in  the  titanium  spectrum.  Measures  of  some 
calcium  lines  belonging  to  the  .second  subordinate  series  indicate  a 
variation  of  displacement  according  to  the  first  power  of  the  wave- 
length.    The  measures,  however,  are  of  low  weight. 
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7.  The  displacements  of  the  tilanium  arc  lines  are  found  to  be 
accurately  proportional  to  pressure  for  a  range  of  from  2  to  16 
atmospheres  above  atmospheric  pressure. 

8.  The  enhanced  lines  as  a  rule  show  much  larger  displacements 
under  pressure  than  do  the  other  lines  in  the  titanium  arc  spectrum 
and  are  almost  always  unreversed.  The  amount  of  displacement, 
however,  depends  upon  each  individual  line  and  a  few  enhanced 
lines  give  very  small  values. 

9.  In  an  atmosphere  of  hydrogen  (illuminating  gas)  the  displace- 
ments of  the  enhanced  lines  are  appreciably  larger  than  in  an 
atmosphere  of  air  or  carbon  dioxide  at  the  same  pressure.  The 
other  lines  show  the  same  displacements. 

10.  The  displacements  of  the  lines  in  the  titanium  spark  appear 
to  be  larger  on  the  average  than  in  the  arc,  the  largest  dilTerences 
being  for  the  enhanced  lines. 

In  the  difficult  work  involved  in  the  measurement  of  the  photo- 
graphs we  have  so  far  as  possible  followed  the  plan  of  having  each 
plate  measured  by  two  observers.  We  are  greatly  indebted  to 
Miss  Lasby  for  her  skilful  treatment  of  the  photographs  and  her 
active  interest  throughout  the  progress  of  the  entire  investigation. 

Mount  Wilson  Solar  Observatory 
November  191 1 


THE  SELECTRT  REFLECTION  OF  SALTS  OF  CHROMIUM 
AXD  CERTAIN  OTHER  OXYGEN  ACIDS' 

By  HERBERT  A.  CLARK 

As  long  ago  as  1868.  Mendelejeff  and  Lothar  Mayer  announced 
the  periodic  system  of  the  elements,  according  to  which  the  physi- 
cal and  chemical  properties  of  the  elements  are,  apparently,  periodic 
functions  of  their  respective  atomic  weights.  Two  years  earher, 
R.  Bunsen-  found  that  solutions  of  different  salts  of  didymium  show 
absorption  bands  which  are  shifted  toward  the  red  end  of  the 
spectrum  with  increase  in  the  molecular  weight  of  the  salt. 

From  then  until  now,  a  bewildering  mass  of  data  has  been 
obtained  by  W.  N.  Hartley,  E.  C.  C.  Baly,  H.  C.  Jones,  W.  W. 
Coblentz,  H.  Ley,  and  others,  to  get  at  the  relations  between  the 
absorption  spectra  of  solutions,  principally  in  the  visible  and 
photographic  regions,  and  their  chemical  constitution.  Hartley,-* 
using  solutions  of  simple  metallic  nitrates;  H.  C.  Jones  and  J.  A. 
Anderson,-*  using  solutions  of  the  bromide  and  of  the  nitrate  of 
cobalt;  and  E.  C.  C.  Baly  and  C.  H.  Desch,^  comparing  solutions 
of  simple  metallic  nitrates  with  the  corresponding  nitrites;  all 
found  the  same  kind  of  shift  of  absorption  bands  that  Bunsen  had 
found  for  didymium  salts.  The  (emission)  spectral  series  equa- 
tions of  Kayser  and  Runge  for  elements  belonging  to  the  same 
Mendelejeff  group,  indicate  the  same  sort  of  shift. 

Much  of  the  experimental  evidence,  however,  is  either  negative 
or  contradictory.  Since  nearly  all  of  the  absorption  data  are  for 
solutions,  many  of  these  being  of  organic  compounds,  this  is  not  to 
be  w(jndered  at — especially  in  view  of  the  enormous  complications 
introduced  by  variations  in  tem])erature,  concentration,  nature 
of  the  solvent,  thickness  of  the  absorbing  layer  of  the  solution, 
state  of  ionization,  and  in  what  the  chemist  tries  to  account   for 

'  Phoenix  Physical  Liilwralory  Conlribulions,  No.  25. 

'  Pof>gcndor^'s  Aniialeit,  128,  100,  1866. 

^  Jnur.  L'hrm.  Soc,  81,  571,  1902. 

« ".Xbsorplion  Spcclni  of  Solutions,"  CV/rx.i;"'  Piihlitalion  Xo.  no,  p.  ,^0. 

*  Jour.  Chim.  Soc,  93,  1757,  i()oK. 
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under  the  name  of  stereochemistry.  Consequently  it  would  seem 
that  fundamental  relations  between  molecular  and  atomic  weights 
and  optical  properties  might  well  be  looked  for  first  in  the  reflec- 
tion spectra,  which  show  only  the  presence  of  such  absorption 
bands  as  are  very  intense,  and  hence  are  the  more  characteristic. 
Drude'  has  shown  that  in  substances  with  normal  dispersion 
ultra-violet  absorption  bands  are  probably  due  to  resonance  of 
negative  electrons,  having  the  same  value  of  c/m  as  have  cathode 
rays;  and  the  infra-red  bands,  to  resonance  of  masses  of  the  size 
of  a  positively  charged  atom  or  molecule.  Consequently  reflection 
bands  in  the  infra-red  spectrum  are  more  likely  to  be  character- 
istic of  a  substance  than  are  the  ultra-violet  maxima.  The  enor- 
mous extent  of  the  infra-red  region  relative  to  that  of  the  shorter 
wave-lengths  is  also  in  favor  of  the  former  region,  in  a  search  for 
fundamental  relations. 

A.  H.  Pfund''  concluded  from  his  data  on  the  infra-red  reflection 
from  certain  simple  inorganic  salts  that  the  mechanism  giving  rise 
to  these  maxima  is  localized  in  the  acid  radical.  Soon  after,  W.  W. 
Coblentz^  found  that  the  infra-red  reflection  maxima  of  certain 
sulphates  and  carbonates  are  shifted  toward  the  long  waves  with 
increasing  atomic  weight  of  the  base.  Next,  L.  B.  Morse'*  found 
that,  in  certain  simple  inorganic  salts  of  oxygen  acids  having  a 
common  base,  the  infra-red  reflection  maxima  are  shifted  toward 
the  long  waves,  as  the  weight  of  the  element  in  the  acid  radical 
which  is  combined  with  a  constant  amount  of  oxygen  increases. 
If  it  is  assumed  that  a  strong  reflection  maximum  is  a  resonance 
effect,  that  the  oxygen  atom  in  the  molecule  is  the  resonator,  and 
that  the  resonator  is  closely  loaded  with  other  oxygen  atoms  and 
with  the  acid-forming  element  in  the  molecule,  but  is  loosely  loaded 
with  the  base,  the  above  results  are  consistent  with  one  another, 
as  well  as  with  the  chemists'  views  regarding  the  strength  of  the 
different  "bonds"  in  the  molecule.  The  present  work  was  under- 
taken to  test  the  conclusions  of  Pfund,  of  Coblentz,  and  of  Morse, 
by  the  infra-red  reflection  from  the  salts  of  the  chromium  acids. 

■  Annalen  der  Physik  (4)  14,  958,  1904. 

'  Astrophysical  Journal,  24,  40,  1906. 

^  Phys.  Rev.,  25,  136,  1907.  *  Astrophysical  Journal,  26,  242,  1907. 
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APPARATUS 

A  common  arrangement  for  infra-red  work,  a  Nichols  radiometer 
with  a  reflection  spectrometer  having  a  rock-salt  prism  and  a 
Wadsworth'  mirror,  was  used.  The  apparatus  was,  in  the  main,  the 
same  as  was  used  by  L.  B.  Morse^  in  his  work  on  the  carbonates, 
and  hence  will  be  described  somewhat  briefly. 

The  optical  system. — An  image  of  the  source,  a  Nernst  glower, 
A,  Fig.  I,  was  cast  by  the  silvered  concave  glass  mirror,  B,  upon 
the  (plane)  surface  under  investigation  at  D.  at  an  angle  of  inci- 
dence of  about  6°.     An  image  of  this  image,  in  turn,  was  cast  upon 


Fig.  I 

the  collimator  sht,  E,  of  the  reflection  spectrometer,  by  a  second 
mirror,  C.  After  resolution  by  the  spectrometer,  an  image  of  the 
telescope  slit.  F,  was  cast  by  the  mirror.  //.  upon  one  vane  of  the 
Nichols  radiometer.  A'. 

The  spectrometer  was  a  Schmidt  and  Haensch  instrument  with 
mirrors  of  4  cm  aperture  and  35  cm  focal  length.  The  prism  was 
of  rock-salt,  with  faces  5  cmX8  cm  and  a  refracting  angle  of  59^ 
57'  20".  The  Wadsworth  mirror-prism,  M,  enabled  the  spectrom- 
eter arms  to  remain  fixed.  The  two  slits,  always  of  equal  width, 
were  as  narrow  as  possible,  consistent  with  sufllcicnt  energy.  The 
usual  range  of  slil-widths  (varying  from  0.30  to  1 .00  mm  for  wave- 
lengths longer  than  9.0  /*)  is  indicated  in  Fig.  4.     No  change  of 

■  Phil.  Afag.  (s),  38,  337,  1894.  '  Loc.  cit. 
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slit-width  was  ever  niiule,  howex  er,  while  passing  over  a  reflection 
maximum.  The  same  figure  also  shows  the  slit-width  at  one  point 
(11 .0  fi)  in  terms  of  the  wave-length  interval  entering  the  radiom- 
eter when  the  spectrometer  is  set  for  that  particular  wave-length, 
an  interval  of  0.16  /*  at  this  point  for  slit-widths  of  0.30  mm. 
This  range  increases  to  0.21  m  for  slit- widths  of  0.50  mm  at  a 
wave-length  of  12.5  /i;  to  0.30  /^  for  slit- widths  of  0.80  mm  at 
14 .  o  M ;  and  to  o .  36  /x  for  sHt-widths  of  i .  00  mm  at  1 5 .  o  M. 
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Wave-lengths. — The  de\dations  necessary  to  obtain  representa- 
tive wave-lengths  were  calculated  in  the  usual  way.  from  the 
indices  of  refraction  for  rock-salt  as  given  by  H.  Rubens'  and  by 
H.  Rubens  and  A.  Trowbridge,^  and  a  calibration-curve  was 
plotted.  The  indices  as  given  in  the  latter  paper  were  corrected 
to  agree  with  corrections  found  in  a  reprint.  The  calibration- 
curve  was  tested  by  means  of  the  two  sylvite  absorption  bands  and 
the  long  wave-length  reflection  band  of  calcite.  An  air-tight 
metal-and-glass  hood  with  engine-oil  seal  was  always  kept  over  the 
prism  when  it  was  not  in  use.  A  vessel  of  P^O^  was  kept  near  the 
prism,  under  the  hood,  as  a  drying  agent. 

•  Annalen  der  Physik,  54,  482,  1895. 
'Ibid.,  60,  733-  1897. 
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Source. — A  direct-current  Xernst  glower,  consuming  132  watts 
at  1 10  volts,  in  series  with  a  low-reading  ammeter  and  a  rheostat 
for  close  adjustment,  was  operated  from  a  70-cell  storage  battery. 
This  arrangement  enabled  variations  in  the  energy  of  the  glower 
to  be  made  inappreciable.  The  largest  obtainable  glower  was  used, 
in  order  that  the  greatest  slit- width  (i  .0  mm)  should  be  well  covered 
by  the  image  of  the  glower. 

The  Xieliols  radiometer  had  mica  vanes,  about  0.75  mm  by 
5.0  mm  (a  little  larger  than  the  image  of  the  slit  as  cast  upon  the 
vane),  placed  about  5.0  mm  apart,  blackened  with  platinum  black 
and  shellac.  The  rock-salt  window  was  protected  by  a  P.O^  dryer 
when  not  in  use.  The  period  (time  of  swing  of  the  vanes  one  way) 
varied  from  40  to  60  seconds,  according  to  the  air-pressure,  which 
was  adjusted  according  to  the  speed  or  sensibihty  desired.  The 
radiometer  was  wrapped  in  a  thick  layer  of  felt  and  covered  with 
a  box  of  hea\y  sheet  copper,  to  protect  it  from  sudden  changes  of 
room  temperature.  This  proved  so  effective  that  the  radiometer 
zero  seldom  drifted,  due  to  varying  room  temperature,  more  than 
1 .0  cm  during  a  half-day's  "run."  What  drift  there  was,  was  very 
slow  and  steady.  The  reflection  from  silver,  using  a  i.o  mm  sHt, 
gave  a  scale  reading  of  54  mm  at  15.0  /^  and  of  18  mm  at  16.3  m-; 
while  the  zero  drift  was  so  slight  that  an  accumulation  of  observa- 
tions would  determine  deflections  of  3  mm  to  a  few  per  cent.  To 
indicate  deflections  (which  could  be  estimated  to  o.i  mm),  the 
image  of  a  fine  wire  in  front  of  an  88-watt  Xernst  glower  was  pro- 
jected on  a  millimeter  scale  (not  shown  in  Fig.  i)  at  a  meter's 
distance,  by  a  small,  platinum-plated,  concave  mirror'  attached 
to  the  radiometer  suspension.  This  glower,  being  in  parallel  with 
the  source,  was  so  steady  that  it  did  not  affect  the  radiometer  zero 
percei)tibly.  after  the  first  large  shift  due  to  lighting  the  glowers. 
Xumcrous  diaphragms  were  used,  to  protect  all  parts  of  the  entire 
optical  system  from  any  stray  light,  except  for  a  faint,  diffuse  glow. 

PURITY    OF    THE    SPECTRUM 

.\  very  serious  source  ot  error  in  infra-red  spectrum  work  is  the 
unavoidable  imj)urity  of  the  spectrum.  The  present  work  deals 
principally  with  wave-lengths  from  10. o  /*  to  t6.o  /j-.  for  whic  h  the 

'  Sec  .\.  H.  ['fund.  AstropJiy.sidi/  Jiiitniiil,  24.  22,  igoO. 
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energy  of  a  Xernst  gk)\ver  is  extremely  small  as  compared  with 
that  at  2.0  M  to  4.0  H-.  for  instance.  Consequently  the  presence 
of  a  very  small  \)[\r{  of  the  energy  of  the  shorter  wave-lengths 
occurring  as  an  imi)urity  in  the  si)ectrum  of  the  longer,  would  con- 
stitute a  very  large  part  of  the  total  (api)arent)  energy  of  the  latter. 
This  can  readily  cause  a  very  large  error,  not  only  in  the  intensity 
of  a  reflection  ma.ximum.  as  measured,  but  also  in  its  position, 
shifting  it  toward  the  shorter  waves.     To  reduce  this  effect,  screens 
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were  used  (5,  Fig.  i)  which  are  opaque  to  the  spectral  region  con- 
sidered, but  transparent  for  shorter  wave-lengths.'  They  were 
arranged  to  slide  smoothly  in  vertical  ways  in  front  of  the  colli- 
rnator  slit.  A  glass  screen  was  used  for  wave-lengths  from  55/^ 
to  lo.o  At  or  10. 5  /*,  according  to  the  position  of  the  reflection  band; 
and  one  of  fluorite  for  the  longer  wave-lengths  (see  Fig.  4).  Even 
with  this  arrangement,  however,  there  ])robably  is  enough  stray 
energy  at  the  longest  wave-lengths  to  affect  the  results  considerably. 
The  blackened  wood  shutter,  P,  Fig.  i ,  was  used  for  wave-lengths 
shorter  than  5.5  /". 

MOUNTING    THE    SPECIMENS 

Each  specimen  (D.  Fig.  i)  was  mounted  on  the  rear  of  a  wheel, 
O,  to  cover  a  hole  in  the  wheel.     A  plane-glass  mirror,  silvered  on 
'  See  Rubens  and  Hollnagel,  /'/;//.  .l/</^'.  \(>).  19,  7(15,  igio. 
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the  front  face,  was  mounted  in  another  hole  60°  away.  Reflection 
from  this  silver  comparison  mirror  was  assumed  to  be  100  per  cent, 
probably  a  trifle  too  large.*  This  assumj)tion  introduces  a  very 
slight  error  in  the  height  of  the  reflection  curve,  but  not  in  its  shape. 
The  assumption  is  thus  justifiable,  especialh-  in  \iew  of  the  fact 
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that  the  polish  of  the  difTcrcnt  reflecting  surfaces  was  unavoidably 
different.  Rotation  of  the  wheel  between  carefully  adjusted  stops 
served  to  place  either  surface,  at  will,  in  the  optical  ])ath,  in  closely 
identical  positions.  The  two  surfaces  were  adjusted  to  the  same 
plane  by  leveling  screws,  as  determined  by  the  retlection  of  an 
incandescent  lamp  filament  from  each  surface,  in  turn,  into  a 
telescope    having    ocular   cross-wires.     This   arrangement,   which 

'  Sec  Hagen  and  Rubens,  Auiuilni  drr  I'hysik  (4),  11,  873,  IQ03. 
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worked  very  smoothly,  with  neither  jar  nor  lost  motion,  proved 
entirely  satistactory.  Cords  served  conveniently  to  manipulate 
the  wheel  and  the  screens,  from  the  viewer's  seat  at  the  reading 
scale. 

SURF.ACES 

Substances.  All  of  the  salts  of  all  the  chromium  acids  available 
were  ordered  from  the  dealer.  As  many  as  possible  were  obtained 
from  Kahlbaum;  the  rest  were  made  to  order,  at  considerable 
expense,  by  Theodor  Schuchardt.  of  Gorlitz.  See  the  list  in  Table 
I.  All  were  anhydrous  as  obtained  from  the  makers,  except  the 
chromates  of  lithium,  calcium,  and  magnesium.  The  second  one 
of  these  was  made  anhydrous  by  heating  in  a  drying  oven;  the 
others  could  not  be  entirely  dried.  This  is  mentioned  again,  under 
the  discussion  of  the  cur\'es. 

Preparation  of  the  surfaces. — Many  of  the  salts  were  obtainable 
only  in  the  form  of  a  tine  powder;  consequently,  all  were  powdered, 
sifted  through  a  ver>-  line  geologist's  sieve,  and  compressed  into 
cakes  in  a  hydrauHc  press  under  about  30  tons  per  square  inch  (a 
method  used  previously  by  Miss  Langford'  for  the  phosphates, 
in  the  PhoenLx  Physical  Laboratory),  then  polished,  if  possible,  to 
give  a  plane  reflecting  surface.  These  are  designated  hereafter 
as  ''polished  powder"  surfaces.  Some  were  too  friable  to  be 
poHshed  at  all,  so  they  were  pressed  against  a  piece  of  plate  glass 
under  about  12  tons  per  square  inch.  The  removal  of  the  glass 
left  a  reflecting  surface  that  was  more  or  less  brilHant  in  every  case 
but  one,  BaCriO^.  The  obtainable  poUsh  varied  greatly  with 
the  substance.  A  number  of  the  surfaces  reflected  poorly  in  the 
visible  region.  The  image  of  an  Edison  lamp  lilament  at  nearly 
perpendicular  incidence,  however,  could  be  seen  when  adjusting, 
in  all  except  two,  CaCrO^  and  BaCrjO^.  It  was  necessary  to  use  a 
Xernst  glower  at  perpendicular  incidence  in  adjusting  the  former, 
and  at  an  angle  of  incidence  of  about  45°  for  the  latter.  The  lack 
of  a  perfect  polish,  however,  atTects  the  magnitude,  but  not  the 
position,  of  a  resonance  maximum.  These  surfaces  are  hereafter 
designated  as  "glass"  surfaces.  One  salt,  CaCr^O^,  resisted  both 
these  methods;   hence  a  thin  plate  of  rock-salt  was  pressed  lightly 

'  Physical  Review,  33,  138,  1911. 
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against  the  powdered  chromite  contained  in  a  caxity  in  a  piece  of 
cork,  and  the  reflection  was  measured  from  the  chromite-rock-salt 
surface.  Such  surfaces  are  hereafter  designated  as  "rock-salt" 
surfaces.  Two  other  salts  {LiJ^rO^  and  MgCrO^  are  so  ver}-  deli- 
quescent that  sufficiently  permanent  surfaces  could  be  prepared  only 
in  this  way.  The  nature  of  each  surface  is  indicated  in  Table  I. 
All  curves  are  for  "air"  surfaces  (either  "polished  powder"  or 
"glass"  surfaces)  except  as  otherwise  designated  on  the  curves. 
Surfaces  of  several  of  the  less  troublesome  salts,  already  prepared 
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in  one  of  the  first  two  ways  and  measured,  were  made  by  the  third 
method  also,  to  serve  as  a  check  on  this  method.     (See  Table  I.) 

The  selective  absorption  of  rock-salt  in  the  long  wave-length 
region  of  the  spectrum  would  have  a  tendency  to  shift  the  apparent 
location  of  resonance  regions  toward  the  shorter  wave-lengths, 
when  measurements  are  made  on  a  "rock-salt"  surface.  An 
attempt  to  avoid  this  difficulty  was  made  by  placing  a  similar 
plate  of  rock-salt  over  the  silver  comparison  mirror.  To  do  this, 
two  large,  slightly  prismatic  plates  of  rock-salt  were  polished  on 
both  sides;  these  each  had  a  mean  thickness  of  2.60  (=1=0.005)  "^"^ 
anfl  a  refracting  angle  of  53'  (=1=5').  Kach  large  plate  was  then 
sawed  up  into  smaller  ones  of  the  requisite  size.  The  small  plates 
were  paired,  one  of  a  pair  being  chosen  from  each  large  j)late  to 
give  two  of  the  same  thickness.  One  of  a  pair  was  then  put  on  a 
powfier  surface,  as  mentioned  before,  and  the  other  was  ])ut  about 
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i.o  cm  in  front  of  the  silver  comparison  mirror,  far  enough  away 
to  avoid  interference  due  to  multiple  reflection.  The  energ}' 
reflected  from  the  front  surface  of  each  of  the  rock-salt  plates  was 
sent  out  of  the  optical  system,  due  to  the  angle  between  the  two 
surfaces.  That  reflected  from  the  rear  surface  of  that  plate  which 
was  over  the  silver  comparison  mirror,  was  sent  off  similarly,  since 
the  whole  plate  was  tilted  shghtly  with  respect  to  the  mirror.  Cal- 
culation shows  that  the  beam  is  shifted  at  the  colhmator  sHt,  by 
the  thin  prism,  a  distance  of  0.6  mm  more  for  a  wave-length  of 
15  M  than  for  the  sodium  line,  for  which  the  mirrors  B  and  C,  Fig.  i, 


si 

0 

PC 

30 

OBaCrO^ 
•  SrCr04 

f{ 

'i^ 

20 

ft 

^  0 

1 

V 

^ 

s 

Pv 

\ 

10 

f 

I 

\ 

^ 

7  " 

> — 

■^ 

y- 

— c 

^ 

-z:^ 

/— 

=k 

.ir- 

\=A 

^ 

— C 

< 

► — . 

::::i 

U. 

9  10  II  12. 

Wave-LenglK. 

Fig.  6 


1+ 


\5y^ 


were  adjusted.  Unfortunately,  this  was  not  determined  until  it 
was  too  late  to  repeat  the  observations.  The  refracting  edges  of 
both  prisms  of  a  pair,  however,  were  turned  the  same  way;  thus 
the  shift  of  the  beam  would  diminish  the  absolute  amount  of  energy 
entering  the  spectrometer,  but  not  the  relative  (i.e.,  the  percentage 
reflection).  Further,  if  the  reflection  maxima  are  due  to  true 
resonance,  it  ought  not  to  be  necessary  to  focus  the  ''reflected" 
beam  exactly  on  the  spectrometer  sUt.'  It  would  seem,  there- 
fore, that  the  only  effect  of  the  rock-salt  plate  upon  the  reflection 
maxima  would  be  due  to  the  fact  that  the  reflection  takes  place 
from  a  chromate-rock-salt,  instead  of  from  a  chromate-air  surface. 
This  would  merely  reduce  the  amount  of  the  reflected  energy,  due 
to  the  smaller  variation  in  refractive  index  at  the  reflecting  surface; 
but  should  not,  supposedly,  alter  the  position  of  the  maximum, 
'  See  J.  A.  .Anderson,  Astrophysical  Journal,  26,  73,  1907. 
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since  the  refractive  index  of  rock-salt  has  not  yet  begun  to  change 
very  rapidly.  Why  this  method  does  not  ehminate  all  shift  in 
the  positions  of  the  maxima,  is  not  at  present  clear.  That  it  does 
not  do  so  is  evident  from  the  shift  in  the  13  ft  and  the  15  M  bands, 
Fig.  10.  This  will  be  considered  further  in  the  discussion  of  the 
results  from  "rock-salt"  surfaces. 

Permanence  of  surfaces. — -Measurements  on  the  surf  aces  were  taken 
over  a  period  of  from  one  day  to  three  months  each,  varying  with 
the  surface.  In  no  case  was  any  variation  in  the  reflecting  surface 
detected,  either  visually  or  by  means  of  the  measurements,  except 
in  the  cases  of  BaCrO^,  of  PbCrO^,  and  of  Ag2Cr20j  when  under 
rock-salt.  The  first  showed  a  sUght  darkening  over  the  entire  sur- 
face exposed  to  the  air,  after  a  period  of  three  months.  An  unavoid- 
able interruption  in  the  work  scattered  observations  on  this  surface 
over  that  length  of  time.  The  observations  indicated  no  change 
in  the  surface  during  that  period.  The  PbCrOj^.  after  three  weeks, 
showed  a  streak,  slightly  darker  than  the  background,  over  the 
small  part  of  the  surface  which  was  covered  by  the  image  of  the 
Nernst  glower  (the  source).  Again  the  data  gave  no  e\idence 
of  any  change  in  the  surface.  The  AgjCrX)^  when  put  under  rock- 
salt,  changed  immediately  to  AgCl,  judging  from  the  immediate 
change  in  color  of  the  powdered  salt.  This  is  mentioned  later,  in 
the  discusssion  of  the  results  from  the  ''rock-salt"  surfaces. 

METHOD    OF    OBSERVING 

A  zero  reading  was  taken  before  and  after  each  deflection,  to 
detect  any  zero  drift.  Two  or  more  readings  were  taken  for  each 
wave-length  from  the  surface  under  investigation,  then  from  the 
silver  comparison  surface,  before  disturbing  the  wave-length 
setting.  Many  of  the  observation  points  are  omitted  from  the 
pubHshed  curves  where  the  trend  of  the  curve  is  regular,  to  avoid 
crowding  the  points.  The  observation  points  were  usually  0.5  m 
apart  for  the  flat,  short  wave-length  portion,  and  o.i  ai  to  0.2  /^ 
apart  for  the  longer  wave-lengths,  except  when  going  over  the 
sharp  reflection  peaks  from  10  m  to  12 /a.  Here  they  were  from 
0.02  /i  to  0.05  At  apart.  At  least  two  observations  were  taken  at 
every  point.     When  these  differed  appreciably,  they  were  repeated 
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until  a  consistent  series  was  obtained.  Observations  began,  in 
every  case,  at  the  wave-length  15/*,  except  for  a  few  of  the  "rock- 
salt"  surfaces.  However,  since  there  was  nothing  of  interest  in 
the  early  infra-red.  the  curves  are  all  plotted  to  begin  at  longer 
wave-lengths. 

THE   REFLECTION   CURVES 

".-1/r"  surfaces. — Fig.  2  shows  the  results  from  a  "polished 
powder"  surface  of  K2CrjO-j  and  from  the  surface  of  an  excellent 
crj'stal  of  the  same,  polished  parallel  to  one  of  the  cleavage  planes. 
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This  is  the  only  crystal  measured.  The  absence  of  the  first  (short- 
wave) peak  from  the  "pohshed  powder"  surface,  and  the  shifting 
of  the  last,  will  probably  require  polarized  energy  to  explain.' 
J.  T.  Porter-'  had  located  a  maximum  for  a  polished  crystal  of 
A'/VjO;  at  10.3  f^  by  the  method  of  Rcslslrahlcn.  The  "polished 
powder"  curve  is  rejMiatcd  in  Fig.  3,  for  comparison  with  that  of 
AgiCrjO^.  also  a  ''polished  powder"  surface.  The  chromates  of 
silver  and  potassium  are  shown  in  Fig.  4.  (The  nature  of  each 
surface  is  indicated  in  Table  I.)  Each  has  a  single  complex  maxi- 
mum, with  three  peaks.  One  peak  in  the  latter,  that  at  11 .65  m, 
is  faint,  but  its  presence  is  not  in  doubt.  The  potassium  chromate 
curve  is  notable  for  its  great  intensity  and  sharpness;  consequently 

'  Sec  R.  K.  Nyswander,  Physical  Review,  28,  2qi,  igog. 
'  Aslrophysical  Journal,  22,  229,  1905. 
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it  oufiht  to  prove  a  good  source  of  Rcststrahlcu.  The  faint  maximum 
in  AgiCrO^  at  7 . 5  /*  is  assumed  to  l)e  due  to  a  trace  of  an  impurity. 
p)ossibly  AgXO^  (from  which  the  chromate  was  probably  made), 
which  has  a  sharp  maximum  at  7.45  m'-  Arc  spectrum  photo- 
graphs taken  with  a  ten-foot  concave  Rowland  grating,  of  each 
salt  having  a  suspected  impurity,  did  not.  in  any  case,  identify 
the  impurity. 

Fig.  5  shows  the  results  from  the  chromates  of  lead  and  calcium. 
The  calcium  salt  in  the  stock  bottle  was  not  anhydrous,  but  was 
made  so  bv  heating  in  an  air-bath  at  150°  C.  for  eight  hours.    Since 
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no  change  could  be  detected  in  the  surface  after  standing  in  the 
dry  research-room  during  the  period  of  observation,  two  days,  it  is 
assumed  that  it  remained  anhydrous.  Each  curve  has  a  single 
complex  maximum.  The  lead  curve  seems  to  have  five  peaks,  two 
being  so  faint  as  to  be  somewhat  in  doubt  (indicated  by  ?  in  Table 
I).  The  calcium  curve  has  three  maxima,  one  being  somewhat 
in  doubt.  PhCrO^  (Fig  5).  like  Ag.CrO^  (Fig.  4),  has  a  low,  short 
wave-length  maximum,  possibly  due  also  to  some  unknown  impurit\-. 
This  chromate  was  probably  made  from  the  acetate;  but  the 
reflection  curve  of  the  acetate  is  unknown.  L.  B.  Morse-'  had 
already  roughly  located  a  maximum  in  crocoite  (natural  crystal 
of  PhCrO^)  at  1 1 .  5  At.     For  the  chromates  of  barium  and  strontium, 

'  .\.  H.  Pfund.  Ibid..  24.  i,s.  1906. 

'Physical  Revicu\  26,  525,   1908;  see  also  W.  \V.  CoblenU,  "Investigation*  of 
Infra-Red  Spectra,"    Carnegie  Publication  Xo.  gj,  p.  181. 
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see  Fig.  6.     Each  has  a  single  complex  maximum  with  li\'e  peaks, 
two  in  the  latter  being  somewhat  in  doubt.     (See  Table  I.) 

Magnesium  chromite  is  shown  in  Fig.  9,  and  the  chromites  of 
barium  and  calcium  in  Fig.  8.  The  low  maximum  at  11. 5  /^  in 
BaCrjO^  was  suspected  to  be  due  to  a  trace  of  BaCrO^  as  an  impurity 
(compare  Fig.  6).  A  letter  of  inquiry  to  the  maker,  Theodor 
Schuchardt.  confirmed  this  suspicion.  The  rapidly  increasing 
absorption  of  the  rock-salt  prism  and  radiometer  window,  as  well 
as  the  decreasing  intensity  of  the  source,  w4th  increasing  wave- 
lengths, made  observations  to  16.0  /^  or  16.5  /^  (on  the  chromites) 
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extremely  difficult.  Probably  the  spectrum  is  decided]}'  impure 
here  also,  although  a  fluorite  screen  was  used.  Repeated  obser- 
vations were  made  to  locate  the  maxima  as  definitely  as  possible. 
The  order  of  accuracy  has  been  indicated  previously,  under  the 
discussion  of  the  radiometer. 

'' Rock-salt^^  surfaces. — The  chromates  of  lithium  and  magnesium 
arc  shown  in  Fig.  7.  Both  of  these,  as  obtuinctl  from  the  stock 
bottle,  contained  water  of  crystallization.  Attempts  to  dry  them 
in  an  air-bath  at  110°  C.  for  twenty-four  hours,  still  left  about  one 
molecule  of  water  in  the  former,  and  two  in  the  latter,  as  deter- 
mined by  analyses  kindly  made  by  Mr.  R.  F.  McCracken,  of  the 
chemistry  dej)artment  at  C\)lumbia  University.  They  were  then 
so  extremely  hygroscopic,  absorbing  moisture  readily  even  in  Ihe 
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artificially  dried  atmosjilu're  of  the  research-room  (kcpl  below 
60  per  cent  humidity),  that  they  were  mounted  under  rock-salt,  as 
mentioned  before,  in  holes  lined  with  sealing  wax,  and  hermetically 
sealed  in. 
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The  positions  of  the  maxima  in  CaCrJJ^  ("rock-salt"  surface. 
Fig.  8)  suggested  a  shift  due  to  rock-salt,  although  an  attempt 
has  been  made  to  eliminate  the  effect  of  the  rock-salt,  as  has 
been  described  under  the  heading  Preparation  of  Ihc  surfaces.  To 
test  this,  measurements  were  made  on  a  "rock-salt"  surface  of 
MgCr,0^  and  compared  with  the  "glass"  surface  curve  (Fig.  9) 
of  the  same  substance,  which  was  in  contact  with  the  air.  (See 
Fig.  10.)  The  shift  toward  the  short  waves  (0.6  /*  for  each  peak), 
from  the  "air"  surface  to  the  "rock-salt"  surface,  is  more  c\-ident 
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than  is  the  cause.  It  is  probably  caused,  however,  by  the  selective 
absorption  of  rock-salt  in  this  region  of  the  spectrum.  An  attempt 
to  determine  this  shift  as  a  function  of  the  wave-length  resulted 
in  the  other  curves  in  Fig.  lo.  At  lo. 5  yii  (A'jC/'zO;)  and  at  11 .0  /^ 
[KjCrOj),  there  is  no  observable  shift.  At  13.0  yu-  (A'aCr^OT), 
the  shift  is  practically  the  same  as  at  15 .0  ^4  {MgCrjO^.     The  shift 
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14^ 


at  14.0  /^  could  not  be  determined.  The  AgS-'riO-j  changed  color 
immediately  on  contact  wth  the  rock-salt  surface,  probabh'  due 
to  formation  of  AgCl.  The  absence  of  a  reflection  peak  confirms 
this  view.  These  are  the  only  surfaces  whose  maxima  seemed 
sharj)  and  jirominent  enough  for  such  a  test.  These  data  are  not 
sufl'icienl  to  locate  the  (  ur\e  desired,  especially  as  the  exact  loca- 
tion of  the  centers  of  such  broad,  low  maxima  is  very  much  in 
doubt.  However,  all  the  maxima  located  under  rock-salt  except 
one  Uhe  12.1^  band  in  MgCrO^)  are  in  one  of  two  regions;  between 
10.5  ^J■  and  MOM  whi-re  the  shift  is  zero,  and  m-ar  15.0  /^  where 
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the  shift  is  0.6  m.  These  shifts  are  assumed  to  l)e  characteristic 
of  their  respective  wave-lenj^ths.  only.  C\)nse(iiiently  'I'ahle  I 
shows  both  "obserxed"  and  "corrected"  locations  of  the  resonance 
maxima  for  the  only  substance  concerned.  CaCr.O^.  the  corrected 
wave-length  being  calculated  by  assuming  that  the  shift  for  this 
surface  is  the  same  as  for  MgCr,0^  under  rock-salt  (Fig.  10).  It 
seems  likely  that  the  1  2 .  1  /"  band  in  MgCrO^  (Fig.  7)  may  be  shifted 
a  little  toward  the  short  waves,  as  are  bands  in  other  substances 
at  13  M  and  at  15  ft  (Fig.  10)  by  the  rock-salt  cover  plate. 

SHIFT   OF   MAXIMA    WITH    WEIGHT   OF    BASE 

Attempts  to  plot  the  shift  of  position  of  reflection  maxima,  with 
atomic  weight  of  base  or  with  total  weight  of  base  in  the  molecule, 
proved  fruitless  until  the  salts  considered  were  limited,  in  any  one 
comparison,  to  those  having  a  single  typical  formula.  This, 
probably,  is  to  be  expected.  Consequently  the  bichromates,  the 
univalent  chromates,  the  bivalent  chromates.  and  the  chromites 
are  tabulated  and  plotted  separately  in  Table  I  and  in  Figs.  11  and 
12.  In  the  typical  formulae.  M'  represents  any  univalent  base; 
and  M",  any  bivalent  base.  Shift  lines  are  drawn  for  each  separate 
peak  in  the  complex  maxima,  since  many  of  the  maxima  are  so 
broad  and  complicated  that  their  centers  of  gravity  are  indeter- 
minable. To  compare  these  results  with  those  of  other  observers, 
corresponding  data  for  sulphates,  nitrates,  silicates,  and  carbon- 

TABLE  II 


Typic.ll 
Formula 


Salt 


Weight 
of  Base 

in 
Molecule 


Reflection  Ma.Yima 


.Authority 


M"SO,. 


•l/'.VO,. 


M"SiOi  ■ 


M"CO,. 


BaSOi 137.4 

SrSO, 87.6 

CaSOi 40. 1 

AgSOi  107.9 

KNO, 391 


\     CdSiOs 40. 1 

\     MgSiO,....  24.3 

/ 1  PbCOi '  207 . 1 

y  BaCO, 137  4 

J     SrCO, j  87.6 

\  I  CaCOi 40- 1 


8.3s 


7  45 
05-7    15 

9.2 
9.1 

7-2 
6.86 
6.76 
6.6 


9 

.76 
.6 


11.94 
II  .60 
11.56 
II. 31 


9.1 

91 
9.1 


14.8 
14s 
14  37 
14  2 


Coblentz 


Pfund 
Pfund    and 
Coblentz 

Morse 
Coblentz 

Morse 
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ates  are  plotted  in  Fig.  13.  (See  Table  II.)  These  include  all  the 
data  obtainable  for  salts  of  simple  inorganic  acids,  except  those 
containing  water  of  crystallization,  and  those  which  are  the  sole 
representatives  of  their  own  typical  formulae.  For  the  sake  of 
brevity.,  merely  a  part  of  the  data  on  one,  only,  of  the  carbonate 
bands,  is  given;  the  abbreviation  does  not  atYect  the  following 
conclusions. 


II  11  13  II  12  13  14-  15 

Wave-Lenqlks   oi   T^ejledloa   Maxlmo/. 

Fi(..  I J 


The  chromite  shift  (Fig.  12)  seems  so  erratic  that  it  will  not  be 
considered  further  in  this  connection.  This  may  be  due,  at  least 
in  part,  to  the  dilhculty  with  which  measurements  afe  made  in 
this  region;  also  to  the  fact  that  the  maxima  are  not  very  definitely 
located,  being  broad  and  low,  as  well  as  to  the  effect  of  the  rock- 
salt  cover  plate;  all  of  these  chances  for  error  are  discussed  above. 
The  stray  maximum  at  1 1 . 5  /^  in  BaCrjO^  is  due  to  BaCrO^,  as 
mentioned  before.  W.  W.  Coblentz'  gives  the  reflection  of  iron 
chromite  from  1  .0  m  to  1  i  .0  ft,  practically  constant  at  4  per  cent. 
This  result  is  consistent  with  the  present  work  on  the  thromites  of 
barium,  calcium,  and  magnesium. 

It  is  unfortunate  that  many  of  the  shifts  are  determined  by 
'''Invcsligation.s  of  Infra-Rcd  Spectra,"  Carnegie  Publkalion  A'rt.  ^7,  j).  15. 
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only  two  points,  especially  when  those  points  are  as  dose  together 
as  in  the  case  of  the  silicates  (Fi^-  13).  They  are  given  merely 
for  what  they  are  worth,  only  lor  the  sake  of  completeness,  without 
attaching  much  value  to  the  silicate  shift  lines;  or,  possibly,  even 
to  the  nitrate.  The  LijCrO^  (Fig.  11)  point  is  so  low  and  faint 
that  it  may  conceivably  belong  exactly  on  the  second  shift  line. 
Similarly,  the  10.9  f^  band  in  MgCrO^  (Fig.  12)  may  readily  belong 
on  the  third  shift  line.     The  shift  lines  suggest  that  the  12.1  m 
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band  in  this  last  salt  is  due  to  an  impurity.  It  is  possible  also  that 
it  really  belongs  at  a  longer  wave-length,  as  was  suggested  above. 
This  salt  contains  about  two  molecules  of  water.  Rubens  and 
Ladenburg's'  work  on  the  reflection  from  water  does  not  suggest 
the  presence  of  anything  in  this  region  of  the  spectrum  due  to 
water.  However,  their  work  was  on  pure  water,  not  on  a  salt 
whose  molecules  maybe  loaded  down  with  water.  LijCrO^  (Fig.  7) 
also  contains  water  (about  one  molecule),  but  its  curve  gives  no 
indication  of  it.  It  is  conceivable  that  a  sutTiciently  high  resolving 
power  and  amount  of  energy  would  show  that  CaCrO^  and  MgCrO^ 
(Figs.  5,  7,  and  12)  have  five  peaks,  like  their  neighbors;    and, 

»  Verhandlungen  der  Dciitschcn  Physiknlischen  GesellschafI,  II,  16,  1909. 
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correspondingly,  LijCrO^  (Figs.  7  and  11),  three  peaks.  The  biva- 
lent sulphates*  show  a  similar  simpUfication  of  a  complex  band 
as  the  atomic  weight  of  the  base  is  decreased. 

One  shift  line  from  each  of  these  tj-pes  of  salts  (except  the 
chromite)  is  collected  in  the  ''composite"  in  Fig.  13,  all  plotted 
from  a  common  point,  to  show  the  relative  rate  of  shift.  The 
second  (from  the  short  wave-length  side)  shift  line  is  chosen,  some- 
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Wave-LenqtKs    of     ntflcctioa   AAoLxlma. 

Fig.  14 


what  arbitrarily,  from  the  bichromates,  the  univalent  chromates, 
and  the  sulphates;  and  the  third,  from  the  bivalent  chromates. 
The  "composite"  has  the  same  scale  of  ordinates  as  the  others 
but  the  scale  of  abscissas  is  doubled,  to  separate  the  Hnes  some- 
what more.  The  chance  for  error  in  determining  the  exact  direc- 
tion of  some  of  these  lines,  as  mentioned  above,  is  so  great  that 
little  or  no  dependence  can  be  placed  on  their  exact  order.  There 
seems  to  be  no  question,  however,  that  the  rate  of  shift  varies  with 
the  type  of  salt. 

•  W.  VV.  Coblcntz,  "Investigations  of  Infra-Red  Spectra,"  Carnegie  Publication 
No.  6s.  \>\i.  11--9. 
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SHIFT    OY    MAXIMA    WITH    U  KIGHT    IN    ACTU    RADICAL 

Figs.  14,  15,  and  16  show  the  positions  of  resonance  maxima 
as  plotted  against  that  fractional  part  of  the  total  weight  of  the 
characteristic  clement  in  the  acid  radical,  which  is  combined  with 
an  arbitrarily  fixed  amount  of  oxygen,  O3.'  For  instance,  in  any 
carbonate,  as  MgCO^.  the  atomic  weight  of  carbon,  12,  is  the  plot- 
ting value;  but  in  a  sulphate,  as  MgSO^,  three-fourths  of  the  atomic 
weight  of  sulphur  (5X32  =  24),  which  is  the  amount  of  sulphur 
combined  with  three  parts  of  oxygen,  O3,  is  the  plotting  value; 
similarly  for  the  salts  of  other  acids.  In  order  that  the  observed 
shift  may  be  due  to  the  acid  radical  alone,  salts  of  any  one  base, 
only,  are  compared  with  one  another.  The  data  for  these  cur.ves 
(see  Table  III)  as  for  Figs.  11  to  13.  inclusive,  contain  all  the  data 
obtainable  from  all  observers,  for  salts  of  simple  inorganic  acids, 
except  those  containing  water  of  crystallization,  and  those  individ- 
ual salts  which  have  the  exclusive  use  of  their  respective  bases. 
The  uncertainty  as  to  the  exact  direction  of  these  shift  lines  is 
even  greater  than  in  Figs.  11  to  12.  since  the  different  salts  of  any 
one  base  do  not  always  have  the  same  number  of  peaks,  nor  are 
their  peaks  arranged  in  the  same  order  of  intensity.  Here,  again, 
some  of  the  shift  lines  are,  unfortunately,  defined  by  two  points, 
only;  this  is  particularly  undesirable  in  the  case  of  the  silver  salts, 
for  which  the  points  are  very  close  together.  The  attempt  was 
made  to  locate  the  shift  lines  by  the  points  which  are  the  most 
prominent,  and  hence,  presumably,  the  most  nearly  representative. 

In  Fig.  14,  PbMoO^  seems  entirely  out  of  harmony  with  the  other 
lead  salts.  The  potassium  salts  show  tw'o  shift  lines;  one  for  the 
univalent  acids  and  one  for  the  bivalent.  It  is  hardly  to  be  expected 
that  the  two  should  coincide.  The  lone  dichromate  is  out  of 
harmony  with  both  of  these  shift  lines.  However,  it  seems  just 
a  little  surprising  that  salts  in  which  both  parts  of  the  acid  radical 
change  (as  KXOj  and  KCIO^)  should  line  up  together  as  well  as 
they  do.  On  the  other  hand,  the  relation  between  these  two  salts 
seems  much  simpler  than  that  between  K.CrP.  and  any  of  the 
other  potassium  salts,  unless  we  assume  the  impossible  hypothesis 
that  all  the  atoms  of  one  kind  in  a  molecule  are  rigidly  locked 

'  L.  B.  Morse,  Aslrophysical  Journal,  26,  241,  1907. 
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together.  These  curves  WDuld  suggest,  therefore,  what  is  not 
inconceivable,  that  the  shift  Hues  of  the  O,  and  the  O^  acids  are 
so  close  together  as  to  be  indistinguishable,  while  that  of  the  0^ 
acids  is  observably  difTerent  from  each  of  the  others. 

The  magnesium  salts  (Fig.  14)  show  another  variation,  the  line 
connecting  ^[gCrO^  and  MgCrX)^  (broken  line)  having  less  slant 
than  the  main  (solid)  shift  line.  However,  it  would  be  rather  sur- 
prising if  this  were  not  the  case.     It  is  hardly  conceivable  that  tiuo 
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atoms  of  chromium  would  have  the  same  effect  upon  the  shift  as  a 
single  atom  having  twice  the  atomic  weight  of  chromium.  Fig.  12 
suggests  that  the  12.  i  ft  band  in  MgCrO^  is  due  to  an  impurity; 
Fig.  14  suggests  the  same.  The  short  wave-length  peak  is  chosen, 
somewhat  arbitraril\-,  in  all  the  chromites,  in  locating  the  shift  line. 
Choosing  the  other  point  would,  however,  affect  the  above  con- 
clusions in  degree  only,  not  in  kind. 

AgJCrO^  and  Ag2Cr^0^  (Fig.  15)  do  not  line  up  with  one  another, 
nor  with  the  other  silver  salts;  this  is  to  be  expected,  as  is  suggested 
for  the  potassium  salts.  CaWO^  and  CaTiO^  seem,  like  PbMoO^ 
in  Fig.  14,  unaccountably  out  of  harmony  with  their  neighbors. 
There  is  the  same  break  in  the  direction  of  the  shift  line  when 
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going  from  CaCrO^  to  CaCr.O,  (Fig.  15).  and  also  from  BaCrO,  to 
BaCrJD^  (Fig.  16).  as  in  the  corresponding  magnesium  salts.  The 
fact  that  the  first  (short  wave)  MgCrO^  maximum,  the  second 
CaCrO^.  and  the  third  BaCrO,  are  on  the  shift  Hnes  in  Figs.  14, 
15,  and  16,  confirms  the  suggestion  that  these  are  corresponding 
peaks.  (See  the  third  shift  line  for  the  bivalent  chromates,  Fig. 
12.)  The  "corrected"  values,  only,  arc  shown  in  Fig.  15  for 
CaCr,0^,  obtained  from  the  values  for  the  *' rock-salt"  surface  as 


Com.|)oslle  Jrom. 
rig's  14,  15, 16. 


Wave  -  Lerv(^tKs  oj  l^ejlecllon.  Maxima. 

I-IG.    16 


indicated  above.  The  1 1 . 5  M  point  in  BaCr.O^  is  due  to  the  pres- 
ence of  BaCrO^,  as  mentioned  above.  The  explanations  of  the 
significance  of  the  different  kmds  of  plotting  points,  as  given  on 
Figs.  12  and  15,  apply  to  Figs.  12  to  16,  inclusive.  The  strontium 
salt  shift  is  also  shown  on  Fig.  16.  At  the  top  of  this  figure  are 
plottefl  all  the  shift  lines  from  Figs.  14  to  16,  inclusive,  from  a 
common  point,  on  the  same  scale  as  the  original  lines.  Solid  lines 
correspond  to  solid,  and  broken  to  broken. 

As  in  the  case  of  the  composite  of  shift  lines  in  Fig.  13.  not 
much  flependencc  can  be  placed  on  the  relative  locatit)n  of  two 
adjacent   shift   lines.     There   is   no   question,   however,    that   the 
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ljri)kcn    lines   arc   CDiisiclcrubly   stct'i)cr    than    tlu'   solid;     this,    as 
indicated  above,  is  to  be  expected. 

SUMMARY 

1.  Reflection  curxes  l\)r  the  available  salts  of  the  chromium 
acids  have  been  determined  in  the  region  i  .  5  /*  to  15.0  /*  or  16.0  M. 
The  short  wave-length  portions  of  these  curves  are  omitted  here, 
because  the  reflection  is  constant  in  that  region. 

2.  One  surface  was  a  poUshed  crystal,  which  should  be  exam- 
ined further  with  polarized  energy.  Some  surfaces  were  made 
from  the  powdered  salt,  compressed  against  a  steel  plate,  and 
polished;  others  were  pressed  against  glass,  to  avoid  polishing. 
Still  others  (including  those  strongly  hygroscopic)  were  pressed 
against  rock-salt  cover  plates,  and  the  reflection  measured  without 
removing  the  cover  plates.  This  form  of  surface  may  prove 
valuable  for  very  hygroscopic  salts,  but  its  errors  must  be 
investigated  further  than  has  been  done  in  the  present  work. 

3.  The  dichromates  show  two  complex  maxima,  in  the  regions 
ii.o  /A  and  13.5  /*,  respectively.  Each  of  the  other  salts  shows 
only  a  single  complex  maximum;  these  maxima  are  in  the  region 
II  .0  M  to  12.0  ft  for  all  but  the  chromites,  in  which  they  are  from 
15  ft  to  16  At.  In  general,  the  salts  of  any  one  type  have  the  same 
number  of  peaks  in  each  complex  maximum. 

4.  One  salt,  K2CrO^,  ought  to  prove  a  good  source  of  Rcst- 
slrahlau  xvith  a  mean  wave-length  of  about  11 .0  /*. 

5.  When  salts  of  one  t>pe,  only,  are  compared  with  one  another, 
all  (with  the  exception  of  the  chromites)  show  an  approximately 
linear  shift  of  the  resonance  region  toward  the  long  waves,  with 
increasing  atomic  weight  in  the  base.  This  shift  holds,  not  only 
for  resonance  regions  as  a  whole,  but,  in  most  cases,  for  individual 
peaks  in  complex  maxima. 

6.  Representative  shift  lines  for  all  of  these  t\pes  of  salts,  as  well 
as  for  other  types  taken  from  the  data  of  other  observers,  suggest 
that  each  t>pe  of  salt  has  its  own  characteristic  rate  of  shift. 

7.  A  rate  of  shift  enormously  greater  than  the  above  is  shown 
for  all  the  salts  of  any  one  base,  when  the  shift  is  plotted  against 
that  fractional  part  of  the  weight  of  the  characteristic  element 
in  the  acid  radical,  which  is  united  with  three  atoms  of  oxygen. 
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8.  Although  the  chance  for  error  makes  the  exact  location  of 
shift  Hncs  of  this  sort  much  less  determinate  than  that  of  shift  lines 
of  the  first  sort,  it  seems  likely  that  the  rate  of  shift  is  character- 
istic of  salts  of  any  one  base.  It  is  evident,  however,  in  the  case 
of  the  chromates  and  chromites  concerned,  that  the  shift  due  to 
replacing  one  chromium  atom  by  two  is  much  less  rapid  than  if  the 
one  atom  were  replaced  by  another  of  twice  its  atomic  weight. 

9.  The  shifts  of  reflection  maxima,  as  pointed  out  by  Pfund, 
Coblentz,  and  Morse,  are  therefore  confirmed  for  salts  of  the 
chromium  acids,  and  further  relations  are  pointed  out. 

The  author  is  indebted  to  nearly  everyone  in  the  department 
of  physics  of  Columbia  University,  where  this  work  was  done,  also 
to  several  members  of  the  departments  of  chemistry  and  miner- 
alogy, for  suggestions  or  help  of  various  kinds.  He  is  especially 
indebted  to  President  E.  F.  Nichols  of  Dartmouth  College,  who 
set  the  problem  and  suggested  many  of  the  methods  employed  in 
its  solution,  and  who  has  so  kindly  kept  in  touch  with  it  as  far  as 
possible,  since  leaxdng  Columbia  for  Dartmouth. 

Syracuse  University 
October  12,  191 1 


NOTES  OX  BAND  SPECTRA  in    W.  RTTZ' 

By  I'IKRRE  WEISS 
I.      MECHANISM   OF   EMISSION   OF   BAND   SPECTRA 

In  the  paper^  in  which  Ritz  studies  a  simple  electromagnetic 
mechanism  emitting  series  spectra,  he  states  on  p.  673  {(Envres, 
p.  112): 

These  theories  are  not  applicable  to  band  spectra.  I  will  only  say  in  this 
connection  that  they  might  perhaps  be  ascribed  to  closed  rings  or  polygons 
consisting  of  the  elementary  magnets  under  consideration,  on  the  assumption 
that  such  formations  play  an  important  role  in  the  construction  of  the  atom, 
and  that  they  must  first  be  touched  off  by  the  electrical  or  chemical  processes 
producing  the  light  before  a  series  spectrum  can  come  into  existence. 

Among  the  papers  left  by  Ritz  there  has  been  found  a  small 
sheet  bearing  some  equations  and  a  rough  draft  of  the  theory  of  this 
mechanism  of  emission  of  band  spectra,  which  I  shall  attempt  to 
expand. 

Let  us  recall  that  the  organ  of  emission  of  series  spectra,  conceived 
first  by  him  as  formed  of  magnetic  and  non-magnetic  rods,  juxta- 
posed in  a  straight  line,  may  be  reahzed  in  different  ways.  Ritz 
preferred  to  regard^  the  small  magnetic  rods  as  produced  by  solids 
of  revolution  charged  with  electricity  at  their  surface  and  haA-ing 
a  rapid  rotational  motion  around  their  axis.  He  had  taken  into 
account  particularly  that  for  any  sohds  of  revolution  there  can  be 
found  a  superficial  distribution  of  electricity  which  renders  them 
equivalent  to  systems  of  two  magnetic  poles  situated  on  the  axis. 
When  the  magnetic  poles  approach  the  surface,  the  electric  density 
increases  indefinitely  in  their  vicinity  and  the  surfaces  carrying 
the  electricity  become  practically  equivalent  to  point  charges. 
These  solids  are  alternately  positive  and  negative,  and  endowed 

'  Note  added  to  the  CEuvrcs  de  W.  Ritz,  published  by  the  Societe  suisse  de  physique , 
(Gauthier-Villars,  191 1).    Translated  from  the  MS  from  M.  Weiss. 

'"Magnetische  Atomfeirier  iind  Serienspektren,"  Annalen  dcr  Pliysik,  25,  660,  190S; 
CEuvres  de  W.  Ritz,  chap,  vii,  p.  98. 

^  Op.  cil.,  p.  670. 
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with  rotations  in  opposite  directions.  They  are  fixed  each  to  the 
other,  in  the  form  of  a  linear  chain,  by  their  electrostatic  attraction. 
Ritz  had  thought  that  the  non-magnetic  rods,  required  also  by 
the  theory  of  series  spectra,  might  be  bodies  similarly  charged  but 
deprived  of  rotation,  and  then,  going  a  step  farther,  that  the  vibrat- 
ing electron  and  the  free  electric  pole  at  the  extremity  of  the  file 
of  rods  are  one  and  the  same  thing. 

Disregarding  now  the  non-magnetic  rods,  let  us  consider  a  file 
of  magnetic  rods.  We  may  assume  that  when  it  is  subjected  to  a 
tension  a^  it  is  capable  of  vibrating  in  a  manner  analogous  to  that 
of  a  cord,  or  rather  that  of  a  chain. 

There  prevails  along  this  cord  a  magnetic  field  H  directed  length- 
wise, and  it  carries  equidistant  electric  charges.  Let  us  assume 
that  these  charges  set  up  circular  vibrations  around  the  axis  under 
the  combined  influence  of  the  tension  a^  and  the  field  //.  (Ritz's 
notes  say  nothing  in  regard  to  the  reason  why  the  effect  of  the  field 
on  the  adjacent  positive  and  negative  charges  does  not  neutralize 
them.  We  may  perhaps  invoke  for  this  purpose  a  dift"erence  of 
configuration  of  the  positive  and  negative  charges,  which  has  been 
assumed  elsewhere.  Those  occupying  a  more  extended  place  would 
be,  for  example,  partially  outside  the  field.) 

The  vibratory  state  is  then  expressed  by 


\  =  A  sm sin  vt 


;  =  .1  sin cos  vl 

a 


',„ 


where  a  is  the  distance  between  two  consecutive  knots  for  the  funda- 
mental vibration,  and  v-.itt  the  fre(|uency.  The  eciualions  of 
moti(m  of  an  element  of  cord,  dx\  of  mass  i^d.w  and  of  charge  ^d.\\ 
will  contain  the  term  of  inertia  and  the  forces  i)roceeding  from  the 
magnetic  field  and  from  the  tension  of  the  cord: 
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from  which.  sul)stiUitin<i;  (i),  twice  the  same  e(|uati()n: 

ft  .  v'-\-f.  .  V  .  II a^  =  0  (3) 

in  which  //  can  also  be  replaced  b\'  — //,  then 

c//     ill         ,  4w^7r^/A 

The  solutions  correspondintj:  to  the  two  positive  si<^ns  and  lo  the 

two  negative  signs  are  alone  acceptable,     in  placing     ^       ^  =  k^, 

a  number  which  is  small  when  the  tension  of  the  cord  has  a  .sub- 
ordinate role  with  respect  to  the  held,  we  have 


ML 
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For  w  =  o.  we  tind  the  frequency  of  a  charge  describing  a  circle 
in  the  tield  //.     If  we  stop  with  the  second  term,  we  have  Des- 

e/7 

landres'  law.  with  v^=  —  for  the  head  of  the  band.     If  we  retain 

the  third  term,  v  increases  less  rapidly,  as  experiment  requires. 

Ritz  is  here  brought  to  choose  between  a  rectilinear  file  and  a 
closed  ring.  He  gives  the  preference  to  the  latter  in  the  following 
terms:  ''If  there  are  two  extremities,  the  lines  would  have  to  be 
first  simple  (m=i,  2  .  .  .  .  ).  for  as  m  increases,  the  different 
vibrations  will  correspond  accordingly  as  we  are  at  the  extremities 
or  the  center.     Consequently,  circular  ring." 

Since  v  increases  with  m.  the  band  has  the  head  on  the  red 
side.  To  obtain  decreasing  values,  it  is  necessary  to  assume  a' 
negative.  The  ring,  instead  of  being  extended,  is  compressed  in 
the  direction  of  the  periphery. 

The  separation  between  two  consecutive  lines  is  given  from  the 
complete  formula  (4)  by 

dv     Vo  mk^ 


dm     2      \  i-\-m^k^ 

It  increases  more  slowly  than  Deslandrcs'  law  indicates,  and  that 
is  in  accord  with  the  experiment.     But  the  separation  docs  not 
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cease  increasing.  The  formula  does  not  give  then  the  maximum 
of  separation  of  the  experiments  of  Kayser  and  Runge'  on  the  spec- 
trum of  cyanogen.^ 

Among  some  other  notes  of  Ritz  there  is  the  trace  of  numerous 
attempts  to  find  the  best  empirical  formula  with  three  constants 
representing  these  experiments  of  Kayser  and  Runge.  These 
notes  seem  to  be  prior  to  his  ideas  on  the  electromagnetic  origin  of 
spectra  and  are  accordingly  only  indirectly  related  to  the  above. 
He  tries  particularly 


and  the  first  three  terms  of  its  development 

v  =  a-\-bm^-\-cm^, 

and  finds  that  the  term  in  m^  varies  too  rapidly.     He  tries 

v^  =  a-\-bm--\-cm^ 
and 

v  =  a-{-bm--\-cmK 

He  finds  this  last  formula  preferable  to  the  others,  and  notes  in 
this  connection   that   ^'froni  the   i6oth  line  tJie  funclions  v=f{m) 
and  v-=J{m)  behave  in  a  tnanner  not  regular/' 
We  shall  revert  to  this  point.     He  tries  further 

a-\-bm^ 


i+cm^ 


and  the  error  is  a  httle  larger  than  formerly. 

In  a  conversation  Ritz  expressed  an  idea  which  relates  to  the 
mechanism  of  emission  what  he  calls  "the  irregular  character  of 
the  function  v  for  the  lines  of  high  order."  He  expressed  himself 
about  as  follows: 

There  are  in  certain  bands  a  considerable  number  of  lines  whose  position 
is  determined  with  exactness;   but,  whatever  the  empirical  law  by  which  wc 

'  Wiedrmanns  Annalen,  38,  80,  1889. 

'  The  same  notebook  also  contains  the  following  information,  referring  to  another 
possible  solution  of  the  problem,  in  which  the  tension  a'  is  not  involved:  "Beyond  the 
constant  magnetic  field  which  it  pr(xluces  for  its  whole  length,  a  ring  can  still  be  sub- 
mitted to  exterior  magnetic  fields,  variable  from  point  to  point,  and  weak  with  respect 
to  the  first." 
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seek  lo  rcjircsent  the  distribution  of  the  Hues  in  these  hands,  there  comes  a  time 
when  for  a  number  of  high  order  of  lines  this  law  fails.  If  we  have  recourse 
to  a  graphical  representation,  the  curve  turns  short  with  an  abruptness  which 
the  usual  formulae  do  not  give. 

Let  us  assume  that  the  part  of  the  atom  whose  vibrations  emit  band  spectra 
has  a  structure  analogous  to  that  of  a  chain  composed  of  links  of  known  length. 
One  would  understand  then  very  well  that  the  vibrations  are  produced  for  the 
greatest  part  of  the  phenomenon  as  if  the  chain  were  a  continuous  structure, 
while  for  wave-lengths  of  nearly  the  same  length  as  the  link  (or  for  certain 
particular  values  in  relation  with  it)  the  numbers  of  vibrations  are  influenced 
by  the  finite  length  of  the  element. 

II.      STRUCTURE    OF    THE    B.\NDS 

To  the  question.  "  Is  it  not  established  that  the  bands  have  some- 
times two  'heads,'  one  on  the  side  of  large  wave-lengths  and  the 
other  on  the  side  of  small  wave-lengths?"  (h>po thesis  of  Thiele'), 
Ritz  replied  merely,  "That  idea  is  not  tenable.'' 

The  tables  of  numbers  found  in  his  notes  show  that  this  convic- 
tion is  based  also  on  the  study  of  the  bands  of  cyanogen  observed 
first  by  Kayser  and  Runge,^  and  later  by  Jungbluth.-'  with  heads  at 
/3883.56,  387I-53-  3861.85,  and  3854-85. 

In  a  few  words  the  status  of  the  matter  is  this:  King,-'  having 
discovered  new  heads  directed  from  the  side  of  short  wave-lengths, 
has  believed  it  possible  to  consider  them  as  ''tails"  corresponding 
to  the  '"heads'"  pre^'iously  known,  and  has  associated  them  by 
making  the  bands  overlap  each  other.  As  a  proof  of  this  co- 
ordination, he  gives  numerical  relations  between  the  wave-lengths 
of  the  heads  and  tails.     They  are  contained  in  the  following  table: 


Tn 

Qn 

Tn/Qn 

Tn 

Q« 

^n/Qn 

3590.52 
3585-99 
3584-10 

3203.84   I. 12069 
3180.58  1  I. 12746 
3160.32   I. 13409 

3883.60 
.3871.59 
3861.91 

3465  69 

3433  17 
3405  04 

I . 1 2059 
I. 12770 
1- 13417 

The  value  of  this  table  as  a  demonstration  seems  to  me  small. 
According  to  Deslandres'  law,  which  is  applicable  to  the  heads  of 

'  Astrophysical  Journal,  6,  65,  1897. 
'  Wicdcmaims  Annalen,  38,  80,  1889. 
i  Astrophysical  Journal,  20,  237,  1904. 
*  Ibid.,  14,  ^2i.  1901. 
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bands  of  a  series,  as  well  as  to  the  lines  of  a  band,  the  distances 
between  the  successive  heads,  measured  on  a  scale  of  frequencies, 
form  an  arithmetical  progression.  Suppose  that  we  associate  two 
series  of  bands  turned  in  opposite  directions,  and  both  obeying 
this  law,  but  entirely  independent  as  to  their  origin.  If  the  ratios 
of  the  two  arithmetical  progressions  are  close,  as  frequently  hap- 
pens.' the  distances  between  the  heads  and  tails  will  also  form  an 
arithmetical  progression  (criterion  of  dependence  quoted  by  Jung- 
bluth).  It  will  be  the  same  whatever  two  bands  are  taken  to 
start  with;  and  this  will  happen  according  as  the  ratios  will  be 
of  the  same  or  of  contrary  sign,  when  the  first  bands  are  displaced 
in  the  same  or  in  contrary  sense. 

In  the  first  approximation,  the  quotient  of  the  frequencies  will 
vary,  in  the  same  cases,  in  arithmetical  progression.  This  is  what 
King  finds.  In  regard  to  the  great  similarity  of  the  series  of  suc- 
cessive bands,  we  should  not  know  how  to  attach  any  importance 
to  the  fact  that  this  quotient  passes  twice  approximately  through 
the  same  three  values. 

This  argument  appears,  nevertheless,  to  have  had  sufficient 
weight  in  the  conviction  of  Kayser.-'  who  considers  it  certain  that 
King  has  found  the  tails  corresponding  to  the  heads,  and  that 
consequently  the  hypothesis  of  Thiele  is  correct. 

Jungbluth  proposes  to  test  this  hypothesis  by  making  new 
measures  on  a  part  of  the  bands  formerly  known.  To  discuss 
them  (Fig.  i),;*  he  uses  as  abscissas  the  wave-lengths,  and  as 
ordinates  the  difference  of  wave-lengths  of  two  successive  lines. 
The  curves  which  he  thus  obtains  for  four  of  the  bands  of  cyanogen 
prcKced  from  their  heads  7\,  T^,  1\,  and  T^  in  an  approximately 
parabolic  manner,  which  corresponds  to  Deslandres'  law  v=A-\- 
{Bm-\-Cy,  where  v  is  the  frc'(|uc'ii()-  and  ;;/  a  whole  number;  but 
for  the  lines  of  high  orders  the  curve  is  distinctly  below  the  parabola 
and  the  separation  of  the  r()n.secuti\e  lines  passes  even  through 
a  maximum.     These  experimental  curves  are  continued  in  dots  and 

'  (h.  I'ahry,  Jniiriinl  ilr  physique,  4,  245,  IQ05. 

'  Ilditdburh  drr  Spcelroscopiv,  2,  4S7. 

1  The  figure  Kivcn  here  is  JunKbhilh's  redrawn  on  the  l)asis  of  the  Uibular  values 
contained  in  his  |>a|>er. 
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seem  to  end  naturally,  in  the  original  drawing  by  Junghluth,  for 
the  last  three  hands  with  tails  (),.  (),,  (|,  indicated  by  Kin[^  For 
the  first,  there  being  no  head  according  to  King  in  the  region  where 
Jungbluth  expects  it,  he  carries  the  curve  on  and  thus  determines 
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Fig.  I 


the  position  of  the  tail  Qi  in  a  region  where  it  is  not  observable  on 
account  of  the  presence  of  an  intense  band. 
Omitting  this,  we  have: 


Heads  according 
to  Jungbluth 


Ti    3871-53 
Ti    3861.85 

T,    3854.85 


Heads  accord- 
ing to  King 


Assumed  Tails 


4152  93 
4158.22 

4165.54 


Q,  3603 . 1 2 
^3  3628.98 

(?4   3658.27 


The  co-ordination  of  the  heads  and  tails  according  to  Jungbluth 
is  therefore  in  direct  contradiction  to  that  of  King.  Moreover, 
according  to  Jungbluth,  the  complete  bands  of  King  overlapping 
each  other  are  replaced  by  bands  fitting  one  within  the  other  (Fig.  2). 


In 


Jungbluth.  who  expressly  notes  this  circumstance,  docs  not  fear 
to  add  that,  taken  in  connection  with  the  numerical  relations  of 
King,  it  brings  a  new  contlrmation  to  King's  views. 
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To  discover  exactly  what  is  the  import  of  the  experiments  of 
Jungbluth.  I  have  marked  on  the  drawing  (Fig.  i)  the  points 
observed.  The  experimental  part,  in  heavy  line,  ends  for  the  four 
bands  in  a,  b,  c,  d.  For  two  of  the  bands,  at  b,  and  at  d,  it  is 
separated  from  the  part  extrapolated  by  Jungbluth,  represented 
by  a  dotted  line,  by  a  greater  curvature,  seeming  to  confirm  the 
idea  of  Ritz.  and  rendering  impossible  the  assignment  of  the  tails 
made  by  Jungbluth. 

But  if  we  compare  the  experiments  of  Jungbluth  with  that  of 
Kayser  and  Runge,  the  agreement  which  is  good  as  far  as  b'  ceases. 
It  is  easily  seen  that  Jungbluth  has  at  b'  passed  inadvertently  to 
the  lines  of  a  neighboring  band,  which  are  placed  in  respect  to 
those  that  he  has  followed  to  that  point  somewhat  as  the  Unes 
of  a  vernier  are  to  those  of  the  principal  scale.  Moreover,  Jung- 
bluth suppressed  in  his  drawing  the  portion  b'b.  Definitively  for 
the  four  bands,  the  correlation  between  the  heads  and  tails  is  admis- 
sible rigorously  for  two  of  them  {T2—Q2]   T^—Q^. 

Ritz's  idea  of  the  irregular  nature  of  the  function  v  for  the  lines 
of  high  order  which  rests  on  the  sharpness  of  the  turn  at  b'  has  in 
part  as  its  origin  an  error  of  Jungbluth. 

It  seems,  nevertheless,  that  as  a  result  of  the  paper  by  Jung- 
bluth the  conviction  has  become  general  that  the  hypothesis  of 
Thiele  is  correct.  In  1905  A.  Hagenbach'  expressed  this  in  a 
monograph  on  band  spectra.  It  has  not  been  remarked  that 
in  reality  the  conclusions  of  Jungbluth  at  the  end  of  his  j^aper  are 
much  less  affirmative  than  his  curves. 

We  find  in  Ritz's  notes  the  following:  "The  tails  according  to 
King,  particularly  the  one  at  A  3603,  are  impossible,  because  they 
are  composed  of  lines  relatively  intense  with  almost  constant  dijfcr- 
enccs,  while  the  dilTercnces  ought  to  increase  very  rapidly  toward 
the  head  of  the  band." 

This  remark  is  very  probabh'  suggested  by  an  examination  of 
the  plate  of  Kayser  and  Runge-'  on  which  it  is  easy  to  recognize 
the  appearance  described  by  Ritz.  It  is  possible  to  measure  the 
distance  of  the  lines  to  about  0.5  A,  which  carries  the  arc  of  the 

'  W'Ulhirr-l'rstschrift,  133,  1905. 

'  Akiid.  lirrliii.  Phys.  Ahh.  tiirlil  ziir  .\kiid.  s^rlior.  (Irlrhrlir,  I,  44,  1889. 
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corresponding  curve  well  outside  llic  limits  of  the  figure.  The 
same  is  visible  on  the  plate  of  Jungi)luth  (of),  cil.). 

This  argument  seems  detiniti\ely  to  destroy  what  remains  of 
probability  in  the  assumptions  made  by  Jungbluth.  We  have 
already  done  justice  incidentally  to  the  argument  which  Jungbluth 
deduces  on  the  ground  that  the  lengths  of  the  bands  vary  in  arith- 
metical progression.  Let  us  mention  that,  on  the  contrary,  Ritz 
notes  carefully,  as  an  important  fact,  the  arithmetical  progression, 
pointed  out  by  Jungbluth.  of  the  maxima  separations  of  the  lines 
of  the  four  bands  (2.25;  2.00;  1.75;  1.5  A).  This  fact  retains 
its  value  independently  of  every  hypothesis  as  to  the  existence  of 
one  head  or  of  two  heads. 

We  may  then  conclude  that  the  h^-pothesis  of  Thiele  is 
strengthened  by: 

1.  The  existence  of  heads  directed  in  the  two  senses. 

2.  The  existence  of  a  maximum  in  the  separation  of  the  lines. 
But  we  have  not  been  able  to  continue  the  demonstration  of 

this  hypothesis  up  to  the  present  time,  either  by  the  possibility 
of  co-ordinating  without  confusing  the  heads  and  tails,  or  by  pur- 
suing the  decrease  of  the  distance  of  the  lines  in  an  interval  suffi- 
ciently extended  beyond  the  maximum.  The  separation  of  the 
lines  in  the  region  of  the  tail  at  A  3603  disproves  it  strictly. 

Ritz's  idea  is  not  in  contradiction  with  the  facts.  But  the  indica- 
tions in  his  favor  which  remain  with  regard  to  the  four  bands  of 
cyanogen  are  slightly  diminished  after  suppressing  the  faulty  part, 
b'h,  of  Jungbluth's. 

It  would  be  of  great  interest  to  make  new  determinations  on 
bands  composed  of  a  large  number  of  lines  and.  perhaps,  to  resume 
the  discussion  of  the  data  already  found. 

Zurich,  Switzerland 
March,  1911 
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THE  SPECTRUM  OF  COMET  MOREHOUSE 

By  a.  FOWXER 

In  a  recent  description  and  discussion  of  their  admirable  photo- 
ojraphs  of  the  spectrum  of  Comet  Morehouse,*  Messrs.  Pluvinel  and 
Baldet  have  confimied  the  presence  of  the  "low  pressure"  spectrum 
of  carbon  monoxide  to  which  I  had  previously  called  attention.' 
The  results  of  their  work  in  this  connection  are  summarized  in  the 
following  words: 

The  number  of  our  doublets  is  21,  while  Fowler's  are  only  12.  Hence, 
there  remain  9  doublets  which  have  not  been  observed  in  the  laborator>'. 
Furthermore,  of  the  12  doublets.  2  do  not  agree  ver>^  satisfactorily,  as  already 
explained.  But  the  accordance  of  the  two  spectra  in  their  brightest  and  most 
conspicuous  parts  is  too  close  to  admit  of  any  doubt  that  the  doublets  in  the 
spectrum  of  Comet  Morehouse  are  practically  identical  with  those  of  carbon 
monoxide  at  ver>'  low  pressure. 

Pending  a  more  complete  investigation  of  the  laboratory  spec- 
trum, I  should  like  to  explain  that  in  preparing  my  list  of  bands  I 
was  careful  to  include  only  such  doublets  as  could  be  well  estab- 
lished on  the  photographs  available;  some  were  doubtless  over- 
looked on  account  of  their  faintness  and  admixture  with  other 
bands  characteristic  of  carbon  monoxide  at  higher  pressures.  The 
less  refrangible  parts  of  the  spectrum  in  particular  were  incom- 
pletely recorded  on  this  account,  and  most  of  the  cometary  doublets 

»  Astrophysical  Journal  34.  89,  iqii. 
'  Monthly  Xolices  R.  A.  S.,  70,  176,  484,  1910. 
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not  shown  in  m\-  tables  were  situated  in  this  region.  The  cometary 
spectrum,  however,  may  be  expected  to  aid  in  the  proper  identifica- 
tion of  the  bands  in  the  terrestrial  spectrum,  as  it  is  evident  that 
in  the  tails  of  comets  the  pecuhar  spectrum  in  question  is  more 
completely  isolated  than  in  any  laboratory  spectrum  which  I  have 
hitherto  obtained.  An  increase  in  the  relative  intensity  of  the  tail 
bands  as  the  density  of  the  gas  is  diminished  is  very  definitely 
indicated  by  the  observ^ations  which  have  been  made,  and  the 
present  difhculty  is  to  produce  sufficient  luminosity  when  the 
gas  is  rarefied  to  such  an  extent  that  all  other  carbon  monoxide 
bands  might  be  expected  to  disappear.  Further  experiments, 
however,  will  be  undertaken  with  special  reference  to  the  missing 
bands. 

As  to  the  discrepancies  in  the  tabulated  wave-lengths  of  the 
terrestrial  and  cometary  bands,  no  claim  for  great  accuracy  could 
be  made  in  my  own  work,  as  the  spectrum  was  always  feeble,  and 
only  small  dispersion  could  be  employed.  Nevertheless,  the  errors 
in  the  main  were  unlikely  to  amount  to  more  than  an  Angstrom 
unit,  except  perhaps  for  the  bands  in  the  green,  and  I  have  gone 
over  the  measurements  again  without  finding  any  substantial 
changes  in  the  pubUshed  wave-lengths  to  be  necessary.  In  par- 
ticular, I  have  confirmed  the  position  of  the  band  A  3415,  3429, 
which  Pluvinel  and  Baldet  identify  with  their  comet  doublet 
3436,  3446,  and  the  discordance  must  therefore  be  attributed  to 
the  faintness  of  this  part  of  the  cometary  spectrum,  and  the  prob- 
able absence  of  suitable  reference  lines  in  this  region  of  the  stellar 
comparison  spectrum  which  was  used  in  the  determination  of  wave- 
lengths. The  other  principal  discrepancy  to  which  attention  is 
drawn  is  between  the  doublet  of  the  laboratory  spectrum  at  A  4887, 
4916,  and  that  of  the  comet  4846,  4879;  the  former  was  noted  by 
me  only  as  *'an  indication  of  a  faint  band,"  and  it  should  not  have 
been  identified  with  a  cometary  band  so  far  distant.  Considera- 
tions as  to  the  arrangement  of  the  bands  in  series,  however,  make 
it  probable  that  the  comet  doublet  /  4846,  4879  really  belongs  to 
the  carbon  monoxide  spectrum,  as  will  appear  later.  The  want  of 
agreement  in  the  wave-lengths,  as  a  whole,  is  not  greater  than 
might  be  expected  from   the  nature  of  the  photographs  of  the 
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conictary  spectrum  given  by  a  prismatic  camera,  and  from  the  use 
of  the  spectrum  of  Vega  as  the  only  term  of  comparison. 

The  arrangement  of  the  bands  in  series  by  Pluvinel  and  Baldet 
seems  to  call  for  further  consideration.  I  wish  to  suggest  that  the 
less  refrangible  bands  which  they  have  included  in  the  brighter  (A) 
series  should  not  be  regarded  as  part  of  this  series  at  all,  but  as 
forming  a  distinct  series  in  themselves,  probably  related  to  the 
other  series  in  the  manner  indicated  by  the  work  of  Deslandres  in 
the  case  of  nitrogen.  Taking  my  own  values  for  the  more  refran- 
gible components  of  the  doublets  of  the  A  series  (i.e.,  Pluvinel  and 
Baldet's  A^)  the  positions  are  given  very  closely  by  the  equation 

n  =  65oo8-i3-5(w+o.444)^ 

where  n  is  the  oscillation-frequency  in  air,  and  m  has  successive 
integer  values  ranging  from  51  to  56.  The  resulting  calculated 
values  are  compared  with  the  observed  wave-lengths  in  Table  I. 

TABLE  I 


m 

A  calc. 

A  obs. 

O-C 

56 

4545-4 

4545-4 

0.0 

5S 

42539 

4253-2 

-0.7 

54 

4001.3 

4001.3 

0.0 

Si 

3781.0 

3781.0 

0.0 

52 

35870 

3587-0 

0.0 

SI 

3415-3 

34150 

-0-3 

The  satisfactory  agreement  in  the  case  of  these  six  well- 
established  bands  suggests  that  the  formula  may  be  used  to  pre- 
dict the  approximate  positions  of  any  less  refrangible  bands  which 
may  form  part  of  the  same  series.  These  work  out  at  4887,  5292, 
5779,  and  6375;  but  with  the  possible  exception  of  the  first,  it  is 
to  be  expected  that  they  would  be  too  faint  for  observation,  and 
none  of  them  agrees  with  Pluvinel  and  Baldet's  measurements  of 
the  cometary  bands. 

A  very  similar  result  is  obtained  even  if  the  probably  less  accu- 
rate wave-lengths  given  by  Pluvinel  and  Baldet  are  made  the  basis 
of  calculations.  The  bands  corresponding  to  the  first,  third,  and 
fifth,  of  Table  I,  give  the  equation 

»=  73392- II  •25('«+o•6)^ 
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The  positions  calculated  from  this  equation  are  shown  in  the  second 
column  of  Table  II,  which  also  indicates  the  observed  minus  com- 
puted wave-lengths,  compared  with  those  derived  by  Pluvinel  and 
Baldet  from  their  own  fonnula. 


TABLE  II 


m 

A  calc. 

A  obs.  in 
Comet  (P  &  B) 

0-C 

0-C 

(P  &  B) 

67 

4549-2 

4549-2 

0.0 

+  17.8 

66 

4256.8 

4256.9 

+  0.1 

+  5-4 

65 

4003.4 

4003.4 

0.0 

-  3-0 

64 

3781.6 

3782.6 

+   i-o 

-   7.4 

63 

3586.0 

3586 

0.0 

-II. 6 

62 

3412.3 

3436 

+  24 

+  10.5 

61 

3257.0 

3269 

+  12 

-   1-5 

The  positions  of  probably  fainter  bands  of  the  same  series  given 
by  this  formula  are  4890,  5292,  5774,  and  6362,  which  do  not  differ 
materially  from  those  calculated  from  my  own  wave-lengths.  The 
important  point  is,  however,  that  the  five  best  determined  bands 
can  be  represented  much  more  closely  than  by  the  use  of  Pluvinel 
and  Baldet's  formula,  in  which  the  constants  are  based  in  part  on 
the  positions  of  less  refrangible  bands  which  they  have  assumed 
to  belong  to  the  same  series.  These  less  refrangible  bands,  if  they 
belong  to  carbon  monoxide  at  all,  would  therefore  seem  to  consti- 
tute a  separate  series. 

The  fainter  (B)  series  of  doublets  is  apparently  related  to  the 
A  series  in  the  usual  manner;  namely,  that  on  the  frequency-scale, 
one  of  the  series  may  be  superposed  on  the  other,  at  least  approxi- 
mately, by  an  appropriate  displacement.  In  other  words,  the 
constant  a  in  Deslandres'  formula  n  =  a-\-bm^  is  alone  different  for 
the  two  series.  Thus,  for  the  more  refrangible  components  of  the 
B  series  of  doublets,  using  my  own  wave-lengths,  the  equation 

becomes 

M=  62822  — 13 -5(^+0  •444)\ 

The  calculated  and  observed  values  are  compared  in  Table  III. 

The  errors  are  not  greater  than  might  be  exj)ccted  from  the 
nature  of  the  data  on  which  the  calculations  are  based.  The 
formula  predicts  other  possible  doublets  of  the  B  series  with  their 
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more  refrangible  components  about  5984  and  6614,  but  these  would 
probably  be  relatively  faint. 

From  analogy  with  other  band  spectra,  it  is  possible  to  predict 
additional  series  of  bands  of  the  tail  spectrum,  but  until  more 
accurate  measures  become  available  for  the  known  bands  it  would 
be  unwise  to  attach  untlue  importance  to  the  results.  The  value 
of  the  constant  a  for  the  extra  series  which  is  of  most  immediate 
interest  may  be  derived  from  the  corresponding  numbers  for  the 
A  and  B  series  thus:  01  =  65008;  02  =  62822  =  65008  —  2186;  a^  = 
62822  — (2186  — 2X13. 5)  =  6o663.  The  assumption  that  the  second 
difference  between  successive  values  of  this  constant  is  identical 


TABLE  III 


m 

A  calc. 

A  obs. 

0-C 

Remarks 

57 
56 
55 
54 
5Z 
52 

51 

5472.3 
5047-4 
4690 . 0 
4384.8 
4121.2 
3892.3 

3690.9 

5473 
5049 
4688.5 

3891 
3693 

+0.7 
+  1.6 
-1.5 

-1-3 

+2.1 

(  Confused  with  other  bands 

\      in  laboratorj-  spectrum 

Doubtfully  observed  in 

laborator>'  spectrum 

with  that  in  the  A  and  B  series  is  not  necessarily  true,  but  they 
are  usually  not  very  different,  and  no  great  errors  are  likely  to  be 
introduced  by  taking  them  to  be  equal  only  when  considering  a 
series  which  is  adjacent  to  the  two  which  have  been  observed. 
Hence  a  third  series  may  be  approximately  represented  by  the 

equation 

w=  60663- 13 -5(^+0. 444)^ 

Doublets  having  their  more  refrangible  components  in  the  neigh- 
borhood of  XX  6872,  6205,  5665,  5218,  and  4843  are  therefore 
possible.  It  is  probably  this  series  which  accounts  for  the  less 
refrangible  cometary  bands  included  by  Pluvinel  and  Baldet  in  their 
A  series,  their  computed  positions  for  the  corresponding  bands 
being  6853,  6205,  5674,  5230,  and  4854.  There  are  no  very  great 
differences  in  the  positions  of  these  bands  calculated  by  the  two 
processes,  but  my  own  values  have  been  obtained  without  sacri- 
ficing the  accuracy  with  which  the  well-established  bands  in  the  blue 
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and  violet  may  be  represented  by  Deslandres'  formula.  The  well- 
marked  cometary  band  A  4846  is  also  more  accurately  represented 
by  the  A  4843  of  my  computation  than  by  the  /  4854  given  by 
Pluvinel  and  Baldet's  equation.  The  accuracy  of  the  comet 
measures  is  probably  not  sufficient  to  distinguish  between  the 
respective  values  for  the  remaining  bands.  From  these  considera- 
tions, however,  it  is  extremely  probable  that  the  less  refrangible 
bands  of  the  comet's  spectrum  had  the  same  origin  as  those  in  the 
blue  and  violet. 

In  what  has  gone  before,  no  account  has  been  taken  of  the  less 
refrangible  components  of  the  doublets.^  From  my  own  measure- 
ments, and  from  analogy  with  certain  other  band  spectra,  there  is 
every  reason  to  beheve  that  the  intervals  between  the  two  compo- 
nents are  constant  throughout,  if  measured  on  the  frequency- 
scale.  Hence,  the  less  refrangible  components  of  the  doublets 
should  be  represented  by  the  same  equations  as  the  more  refran- 
gible ones  if  the  separation  of  the  components,  amounting  to  about 
118  on  the  frequency-scale,  be  subtracted  from  them. 

If  estimated  in  Angstrom  units,  the  intervals  between  the  com- 
ponents of  the  doublets  would  vary  as  the  squares  of  the  wave- 
lengths, and  would  range  from  14  A  at  A  3415  to  56  A  at  A  6872. 
Since  the  dispersion  in  the  prismatic  spectrum  is  nearly  in  inverse 
ratio  to  the  cube  of  the  wave-length,  the  separation  on  the  photo- 
graphic plates  should  be  nearly  inversely  proportional  to  the  wave- 
length. The  doublet  intervals  observed  in  the  comet  spectrum  by 
Pluvinel  and  Baldet,  or  computed  by  their  formulae,*  are  of  corre- 
sponding orders  of  magnitude  for  the  bands  on  the  more  refrangible 
side  of  ///3,  but  are  considerably  greater  for  the  less  refrangible 
bands.  The  discrepancies  are  probably  to  be  attributed  to  the 
(lifhculty  of  obtaining  accurate  measurements  in  the  case  of  the 
comet,  but  if  Pluvinel  and  Baldet's  formulae  were  correct,  there 
should  have  been  no  difTiculty  in  resolving  the  bands  near  5218, 
56C5,  and  6205,  which  their  plates  failed  to  show  as  doublets.     My 

'  Professor  Ncwall  has  found  that,  in  the  laboratory  spectrum,  each  component 
of  the  doublets  is  itself  a  close  pair,  but  this  feature  may  be  disregarded  in  the 
present  discussion. 

•The  formulae  are  given  in  Comptes  Rendus,  148,  760-761,  1909. 
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own  formulae,  however,  place  the  components  closer  together  on 
the  photographs  than  in  the  case  of  the  bands  in  the  blue,  and 
therefore  accord  better  with  the  comet  observations;  the  formulae 
would  not,  however,  admit  of  the  comet  bands  6848.4  and  7027.4 
being  regarded  as  the  separate  components  of  a  doublet,  as  is 
assumed  by  Pluvinel  and  Baldet. 

Although  the  identity  of  the  cometary  bands  with  those  of  low- 
pressure  carbon  monoxide  may  be  considered  as  beyond  question, 
it  may  be  of  interest  to  give  the  additional  direct  demonstration 
which  is  afforded  by  the  photographs  reproduced  in  Plate  IV. 
For  the  photographs  of  the  comet  and  its  spectrum  I  am  indebted 
to  Dr.  H.  D.  Curtis  of  the  Lick  Observator}',  who  has  kindly  placed 
enlargements  on  glass  at  my  disposal.  The  photographs  were 
taken  at  Santiago,  Chile,  on  March  20,  1909,  and  the  objective 
spectrograph  employed  had  sufficient  resolving  power  to  show 
clearly  the  four  principal  bands  of  the  comet  as  doublets.'  The 
carbon  monoxide  spectrum  is  placed  alongside  that  of  the  comet 
for  easy  comparison,  and  the  identity  of  the  two  spectra  will  be 
evident  at  a  glance.  The  strong  band  on  the  left  in  the  terrestrial 
spectrum  is  the  negative  band  of  nitrogen  3914,  due  to  an  impurity 
in  the  carbon  monoxide,  and  it  will  be  seen  that  this  is  appropriatelv 
represented  by  a  single  band  in  the  comet;  other  comets  which 
have  shown  the  carbon  monoxide  doublets,  however,  have  not 
shown  the  nitrogen  band. 

It  should  be  noted  in  conclusion  that  out  of  the  five  or  six  recent 
comets  which  have  shown  the  low-pressure  carbon  monoxide 
spectrum,  it  was  only  in  comet  Morehouse  that  the  bands  were 
bright  in  the  head  as  well  as  in  the  tail.  The  bands  in  question 
may  therefore  be  regarded  as  especially  characteristic  of  the  tails 
of  comets. 

Imperial  College  of  Sciexce  and  Technology 

South  Kensington 

December  6,  191 1 

'  See  Lick  Observatory  Bullelin  No.  163. 
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By  C.  G.  abbot  axd  F.  E.  FOWLE,  Jr.' 

It  seems  rather  discouraging,  after  ha\dng  spent  ten  of  the  best 
years  of  our  lives  on  the  determination  of  the  solar  constant  of 
radiation,  to  be  told^  that  we  have  relinquished  reformed  methods 
ha\'ing  a  rational  basis  given  them  by  Langley  in  favor  of  methods 
which  do  not  differ  essentially  from  those  of  Pouillet ;  that  we  have 
abandoned  an  essential  principle  recognized  by  many  able  investi- 
gators; that  our  value  of  the  solar  constant  is  to  all  intents  and 
purposes  the  same  as  that  of  Pouillet,  whose  observations  would 
yield  our  result  if  known  corrections  were  applied  for  defects  in  the 
water  pyrheliometer ;  that  the  admirable  agreement  of  our  separate 
measures  and  the  small  apparent  probable  error  of  our  final  result 
are  but  characteristics  of  the  original  Pouillet  model,  not  to  be 
regarded  as  evidences  of  the  trustworthiness  of  our  work;  and 
finally  that  it  is  known  that  reliable  measures  of  solar  radiation 
may  be  made  within  the  atmosphere  which  exceed  the  supposed 
value  outside  the  atmosphere,  as  will  be  shown  by  Very  in  a 
subsequent  paper. 

We  await  with  great  interest  the  last  item,  namely:  "reliable 
measures  of  solar  radiation  made  within  the  atmosphere  which 
exceed"  1.93  calories  per  square  centimeter  per  minute.  Our 
own  pyrheliometers  we  thoroughly  beUeve  to  be  trustworthy 
instruments,  for  we  have  spent  about  seven  years  in  establishing 
the  standard  scale  of  radiation.  Wc  have  read  our  pyrheliometers 
in  three  successive  years  on  Mount  Whitney,  altitude  4420  meters, 
the  highest  point  in  the  United  States,  with  exceptionally  pure 
and  dry  air  above  us,  and  never  yet  have  obtained  readings  exceed- 
ing 1 .  75  calories  per  square  centimeter  per  minute.  Had  wc  used 
Angstrom's  pyrheliometer,  adopted  by  the  Solar  Union  as  a  stand- 
ard instrument,  our  readings  would  have  been  5  j)er  cent  lower. 

'  Published  by  permission  of  the  Secretary  of  the  Smithsonian  Instiliition. 
*  F.  W.  Very,  Aslrophysical  Journal,  34,  371,  191 1. 
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Angstrom  himself  observed  on  TeneritTe,'  at  an  altitude  of  3683 
meters,  and  never  obtained  values  exceeding  1.63  calorics. 

To  grasp  the  essential  features  of  our  determination  of  the  solar 
constant  of  radiation  the  reader  must  consult:  (i)  the  theory  of 
our  method  given  in  A  finals  of  the  Astro  physical  Observatory,  Vol.  II, 
pp.  13  to  17,  18  and  19;  (2)  the  discussion  of  sources  of  error,  pp. 
58  to  82;  (3)  the  procedure  we  pursue,  pp.  50  to  57;  (4)  the  meas- 
urements, pp.  83  to  98.  Also,  in  recent  years  we  have  made  very 
important  improvements  and  measurements  additional  to  those 
given  in  Vol.  II  of  the  Annals,  as  stated  in  this  Journal,  29,  281; 
33i  125;  33,  191,  and  34,  197.  Our  work  comprises  spectro- 
bolometric  and  pyrheliometric  measurements  made  at  high  and  low 
sun  according  to  the  method  of  Langley,  as  stated  by  him  in  his 
Report  oj  the  Mount  Whitney  Expedition,  pp.  135  to  142,  and  Table 
1 20,  values  I  to  5.  Our  measurements  have  been  made  at  Washing- 
ton (sea-level),  1902  to  1907;  Mount  Wilson  (1750  meters),  1905 
to  1911;  Mount  W^hitney  (4420  meters).  1908,  1909,  1910;  and  at 
Bassour,  Algeria  (i  160 meters),  191 1.  The  total  number  of  spectro- 
bolometric  solar-constant  determinations  now  exceeds  600.  All 
agree  within  narrow  limits  of  variation  to  tLx  the  value  of  the  solar 
constant  in  terms  of  our  standard  water-flow  pyrheliometric  scale 
at  about  1.93  calories  per  square  centimeter  per  minute. 

This  value  is  supported  to  within  the  limits  of  his  error  of 
measurement  by  the  determinations  of  Langley  at  Lone  Pine  and 
at  Mount  Whitney,  where  he  obtained  2.06  and  2.22  calories 
respectively.  We  have  proved  {Annals,  2.  pp.  119  to  121)  that 
the  value  3  calories  which  Langley  gave  as  the  result  of  his  Mount 
Whitney  expedition  is  erroneous  because  of  an  error  of  logic  which 
he  committed  in  his  discussion  in  the  Report  of  the  Mount  Whitney 
Expedition,  pp.  143  to  145. 

This  is  a  summary  of  the  work  against  which'  Mr.  Very  has 
made  the  charges  above  mentioned.  We  should  naturally  expect 
that,  having  made  such  charges,  he  would  have  proceeded  at  once 
to  attack  one  or  more  of  the  essentials  of  our  work  above  enumer- 
ated, and  have  shown  distinctly  and  numerically  wherein,  by  errors 
of  logic  or  of  measurement,  the  work  fails,  and  how  large  resulting 
errors  have  arisen. 

»  Nova  Acta  R.  Soc.  Sci.  Upsala,  20, 1,  1900. 
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But  far  from  attacking  our  main  work  in  this  straightforward 
fashion  he  begins  by  misleading  the  reader  to  suppose  that  our 
value  of  the  solar  constant  depends  on  raising  to  the  26th  power 
some  coefficients  of  water-vapor  transmission  obtained  by  Rubens 
and  Aschkinass.  If  this  matter  formed  any  part  of  our  definitive 
determination  of  the  solar  constant  we  should  proceed  to  show  how 
unfairly  Mr.  Very  has  used  what  we  said  about  it.  As  it  forms 
no  part  at  all,  we  merely  invite  the  reader  to  see  what  we  did  say 
from  p.  168  clear  through  top.  172  of  Vol.  II  of  the  Annals,  and 
then  compare  with  what  he  says  we  said. 

According  to  Mr.  Very  the  reflection  of  Mars  for  total  radiation 
is  0.27,  that  of  Venus  0.92,  and  that  of  the  earth  "is  more  likely 
than  not"  to  exceed  the  mean,  or  about  0.60.  We  have  no  confi- 
dence in  any  of  these  figures,  and  see  no  reason  why  a  solar  con- 
stant of  3  calories  or  upward  must  be  conceded  to  allow  them  to 
stand.  When  he  chose  to  blow  hot  instead  of  cold,  Mr.  Very 
attempted  to  show  that  Neptune  could  be  maintained  at  50°  C.  (!) 
by  the  solar  radiation,^  although  the  earth  at  less  than  1/30  of 
Neptime's  distance  from  the  sun  is  only  at  15°  C.  If  planetary 
atmospheres  can  make  such  differences  as  this,  we  hardly  think  our 
careful  direct  measurements  of  the  solar  constant  can  be  over- 
thrown by  computations  made  from  the  terrestrial  temperature 
by  the  aid  of  guesswork  about  the  reflecting  and  emitting  power  of 
the  earth. 

Mr.  Very  goes  on  to  say  that  the  temperature  of  the  moon,  as 
determined  by  him,  requires  a  higher  solar  constant  than  2  calories. 
We  remember  a  very  good  story  by  Newcomb  of  a  person  who 
believed  gravitation  extended  no  farther  than  the  atmosphere,  and 
fell  far  short  of  the  moon.  Newcomb  ascertained  that  his  caller 
had  never  been  to  the  moon  to  see,  and  told  him  that  as  he  had 
never  been  there  either,  he  doubted  if  they  could  agree!  We  feel 
some  skepticism  as  to  the  temperature  of  the  moon,  and  incUnc  to 
I)raise  the  moderation  of  Langley,  who,  in  summing  uj>  his  classical 
investigation  of  it  (in  which  Mr.  Very  assisted),  says:' 

'  Phil.  Mag.  (6),  16,  478,  1908. 

'  Satioual  Academy  of  Sciences,  Third  Memoir,  Vol.  IV,  Pari  2,  ji.  193;  read  1887, 
published  1889. 
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The  conclusion  of  the  whole  matter  is,  that  we  have  been  dealing  with  a 
subject  almost  on  the  limit  of  our  power  of  investigation  with  the  present 
means  of  science,  and  have  reached  no  conclusion  which  we  are  absolutely 

sure  of If  beyond  this  we  can  be  said  to  be  sure  of  anything  it  is  that 

the  actual  temperature  of  the  lunar  soil  is  far  lower  than  it  is  believed  to  be; 
but  the  evidence  does  not  warrant  us  in  fixing  its  maximum  temperature  more 
nearly  than  to  say  it  is  little  above  o°  Centigrade. 

But  Mr.  Very  admits  no  such  uncertainty.  For  him  the  effec- 
tive temperature  of  the  moon's  equatorial  sunHt  surface  is  454° 
absolute,  and  nothing  less  than  3  calories  will  do  for  the  solar  con- 
stant to  correspond.  He  maintains  this,  notwithstanding  that 
Coblentz  has  shown  that  the  moon  is  probably  a  very  bad  radiator!' 
Mars,  according  to  Mr.  Very,  has  a  temperature  too  high  to 
admit  of  a  solar  constant  of  2  calories.  We  suppose  he  has  no 
direct  information  as  to  the  radiating  power  of  that  planet  or  its 
absorption  of  solar  radiation.  If  we  had  not  already  had  some 
experience  of  the  unpleasantness  of  discussing  Mars,""  we  should 
go  on  to  say  what  we  think  about  its  temperature.  We  confess, 
however,  that  we  know  very  little  about  Mars.  Still,  if  Neptune 
can  be  maintained  at  50°  C.  by  solar  radiation  of  about  i/iooo  the 
intensity  that  reaches  the  earth,^  we  should  think  Mars  might  have 
some  chance  without  a  solar  constant  of  3  calories. 

Mr.  Very  gives  a  meteorological  argument  which  according  to 
him  shows  that  we  have  underestimated  the  loss  of  solar  radiation 
in  our  atmosphere,  and  thus  have  derived  too  small  a  value  of  the 
solar  constant.  He  gives  an  expression  for  the  insolation  of  the 
earth,  into  which  expression  the  average  transmission  of  the  atmos- 
phere for  solar  radiation  enters.  He  says  the  distribution  of  tem- 
peratures on  the  earth  June  21  agrees  ^vith  the  requirements  of 
his  formula  better  when  one  takes  the  transmission  at  less  than 
0.25  than  for  higher  values.  He  considers  the  best  value  0.18  as 
the  average  transmission  over  the  whole  sunlit  surface  of  the  earth. 
For  this  he  requires  a  solar  constant  exceeding  3  calories. 

Mr.  Very  does  not  give  sufficient  details  of  this  comparison  to 
enable  us  to  understand  clearly  what  he  has  done.     But  at  all 

'  Physical  Revirw,  23,  247,  1906. 

'Science,  31,  987,  1910. 

3  F.  W.  Very,  Phil.  Mag.  (6),  i6,  478,  1908. 
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events  we  are  of  the  opinion  that  the  earth's  surface  temperature 
is  a  complicated  function  of  many  variables  besides  the  insolation. 
Among  these  are  cloudiness,  distribution  of  land  and  water,  moun- 
tains, ocean  currents,  and  winds.  Their  effect  is  shown  by  the  well- 
known  differences  of  temperature  at  equal  latitudes,  as  for  instance 
between  Europe  and  America.  To  choose  that  value  of  the  atmos- 
pheric transmission  which  makes  an  insolation-curve  match  best 
with  a  temperature-curve,  without  any  regard  to  these  other 
factors,  seems  to  us  as  indefensible  as  it  would  be  to  determine  the 
reading  of  a  Pouillet  pyrheUometer  merely  by  the  rise  of  tempera- 
ture on  exposure  to  the  sun,  neglecting  altogether  the  cooling  due 
to  the  surroundings.  We  therefore  can  attach  no  weight  at  all  to 
this  method  of  hxing  the  solar  constant. 

In  the  remainder  of  this  article  we  propose  to  take  up  the  criti- 
cisms which  Mr.  Very  makes  of  our  work.  He  claims  that  we  have 
abandoned  Langley's  methods  and  employ  methods  which  do  not 
differ  essentially  from  those  of  Pouillet.  Pouillet  observed  only 
with  the  pyrheUometer.  We  employ  the  pyrheliometer,  as  did  Lang- 
ley,  only  to  determine  the  scale  of  energy  of  our  spectro-bolometric 
determinations.  Like  Langley  we  determine  the  form  of  the  solar 
energy-curve  at  different  solar  altitudes,  correct  it  for  instrumental 
absorption,  determine  numerous  coefhcients  of  atmospheric  trans- 
mission from  high-  and  low-sun  observations  on  nearly  homogeneous 
rays,  determine  thereby  the  form  of  the  energy-curve  outside  the 
atmosphere,  and  assume,  like  Langley,  that  there  is  no  water  or 
oxygen  absorption  in  the  sun.  We  reduce  the  results  to  calories 
per  square  centimeter  per  minute  as  did  he  by  the  aid  of  the  simul- 
taneous readings  of  the  pyrheliometer.  Great  improvements  have 
been  made  in  30  years.  We  have  the  advantage  of  a  better  pyrhe- 
liometer than  Langley,  an  automatic  recording  bolometer  free  from 
drift,  and  we  can  determine  in  15  minutes  all  the  data  that  it  took 
Langley  several  successive  days  to  obtain,  and  far  more  besides. 
We  use  many  more  atmospheric  transmission  coefficients  than  Lang- 
ley did,  and  can  determine  them  more  accurately.  We  have  made 
the  measurements  at  sea-level,  1750  meters,  and  4420  meters.  In 
one  thing  only  do  we  fail  lo  follow  Langley's  example — we  do  not 
build  a  2-calory  solar  constant  uj)  to  3  calories.     We  (ite  pj).  14  to 
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i6  and  119  to  121  oi  \o\.  II  of  the  Annuls,  as  against  pp.  143  to 
148  of  Langley's  Report  of  the  Mount  Whitney  Expedition,  as  our 
defense  for  this  course. 

Mr.  Very  says  Pouillet's  result,  if  corrected  for  known  errors 
in  his  pyrheHometry,  will  not  differ  essentially  from  ours.  It  will 
dilTer  by  about  10  per  cent  from  ours,  and  for  the  reason  that  Pouil- 
Ict  made  no  spectrum  observations.' 

It  will  be  a  doctrine  new  to  physicists  that  close  agreement  of 
independent  determinations  made  under  circumstances  so  diverse 
as  those  in  our  measurements  at  Washington.  Mount  Wilson,  and 
Mount  Whitney  is  no  recommendation  of  the  probable  accuracy 
of  the  result;  yet  Mr.  Very  implies  as  much.  As  to  his  reflections 
on  the  eft'ective  radiating  temperature  of  the  earth  and  the  trans- 
mission of  water-vapor  for  long-wave  rays,  we  think  there  is  too 
much  guesswork  and  too  few  facts,  both  on  his  side  and  ours,  to 
make  an  argument  about  it  worth  while.  After  about  five  years 
more  of  experiments,  we  hope  we  may  be  in  a  condition  to  talk  with 
him  about  these  com.plicated  questions  without  having  to  piece  out 
our  data  with  assumptions.  We  are  surprised,  however,  by  the 
roughshod  manner  in  which  Mr.  Very  overrides  our  value  of  the 
earth's  reflection  of  total  radiation.  He  merely  remarks  that  he 
has  ''no  hesitation  in  saying  this  is  too  small,''  without  taking  up 
the  data  by  which  we  determined  it.  He  suggests  a  mean  between 
o.  27  and  o.  92.     We  took  more  pains  to  obtain  our  value. 

Mr.  Very  diflfers  with  us  for  our  saying  ''we  know  that  in  general 
the  lower  layers  of  air  have  smaller  transmission  coefhcients  than 
the  upper  ones,  owing  to  the  generally  low  level  of  the  larger  quan- 
tities of  dust  and  humidity."  He  says  this  "is  true  only  for  unsifted 
radiation  and  does  not  apply  to  the  actual  residual  radiation  which 
has  already  experienced  its  greatest  absorption  by  aqueous  vapor 
in  the  upper  air."  We  reiterate  our  statement,  both  for  Mr. 
Very's  excepted  kind  of  radiation  and  for  homogeneous  rays.  If 
he  still  doubts  it,  let  him  look  about  in  London,  or  look  down  on  the 
dust  layers  above  Pasadena  from  Mount  Wilson.  We  should  have 
thought  his  long  residence  near  Pittsburgh  would  have  convinced 
him  that  we  are  right.     Certainly  we  still  believe  that  light  is  more 

"  See  Abbot's  The  Sun,  Appleton  &  Co.,  191 1 ,  pp.  2gi  to  296. 
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hindered  near  sea-level  than  in  the  higher  atmospheric  layers.  If 
further  veritication  is  needed,  see  Table  ii8  of  Langley's  Mount 
Whitney  Report. 

Mr.  Very  objects  to  our  process  of  evaluating  the  energy  which 
would  be  found  in  the  solar  spectrum  outside  the  atmosphere, 
beyond  the  wave-length  where  our  observations  stop  in  the  infra- 
red. Perhaps  he  can  suggest  a  better.  At  all  events  we  hardly 
think  he  will  claim  that  he  can  build  up  the  solar  constant  to  3 
calories  out  of  energy  beyond  the  wave-length  2 . 5  /"•. 

Mr.  Very  says  we  ought  not  to  lay  much  weight  on  our  obser- 
vations made  when  the  sun  is  near  the  zenith,  and  that  we  ought 
to  observe  at  lower  sun.  He  says  we  abandon  low-sun  observa- 
tions "because  low-lying  mists  render  such  measures  uncertain" 
and  prefer  "midday  observations  on  the  plea  that  the  sky  is  then 
clearer."  He  is  quite  wrong  in  both  respects.  We  observe  in  the 
morning  until  about  10  a.m  as  a  rule,  and  then  stop  because  no 
decrease  in  air-mass  worth  waiting  for  occurs  afterward,  at  the 
latitude  of  our  stations  in  our  obser\dng  season,  May  to  November. 
We  do  not  begin  observing  before  the  sun's  altitude  is  15°  because, 
as  we  have  shown  {Annals,  2,  63  to  64),  the  air-masses  are  uncertain 
at  lower  altitudes.  We  seldom  observe  when  the  sun  is  less  than 
40°  or  more  than  75°  from  the  zenith.  We  see  no  occasion  to  change 
our  practice  in  these  respects. 

Mr.  Very  also  regrets  that  we  do  not  observe  in  winter.  So  do 
we,  because  we  strongly  suspect  that  the  sun  is  a  variable  star. 
But  if  we  did  observe  in  winter  we  should  require  a  cloudless  region 
in  or  near  the  Southern  Hemisphere,  where  the  sun  is  high  during 
our  winter  months.  We  see  no  advantage  in  extrapolating  from 
air-mass  2  to  air-mass  zero  when  the  extrapolation  may  begin  at 
air-mass  i .  2  just  as  well.  However,  there  is  no  evidence  from 
our  winter  observations  at  Washington  that  any  systematic  dilTcr- 
ence  in  the  solar-constant  values  would  arise  on  account  of  winter 
conditions. 

Mr.  Very  intimates  that  even  our  narrow  linear  bolometer  does 
not  discern  all  the  lines  of  atmospheric  absorption,  so  that  condi- 
tions may  be  conceived  to  exist  under  which  our  methods  might 
give  results  appreciably  too  low.     We  have  discus'fted  this  possi- 
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bility  at  considerable  length  elsewhere'  and  will  not  take  space  here 
to  repeat  that  discussion  in  full.  Such  a  condition  would  exist  if 
what  is  sometimes  called  ''the  general  absorption"  of  the  atmos- 
phere was  in  fact  made  uj)  of  nearly  comj^lete  absorption  and  nearly 
complete  transmission  following  one  another  in  the  spectrum  in 
innumerable  bands  too  narrow  to  be  observed  separately.  We 
freely  admit  that  the  selective  absorption  of  water-vapor  in  the 
great  infra-red  bands,  and  that  of  oxygen  in  its  great  bands,  is  of 
this  character.  Following  the  practice  of  Langley,  we  employ  a 
special  procedure  for  these  bands,  making  the  assumption,  as  he 
did.  that  none  of  them  would  exist  in  a  spectrum  taken  at  the  outer 
limit  of  the  atmosphere.  We  therefore  draw  a  smooth  curve  for 
the  energy  spectrum  outside  the  atmosphere  where  the  terrestrial 
bands  appear.  This  gives  the  highest  possible  solar-constant  value. 
But  as  regards  other  regions  of  the  spectrum,  Rayleigh  has  shown 
satisfactorily  that  the  so-called  "general  absorption"  is  really 
probably  a  scattering  effect  of  small  particles  and  molecules  in  the 
air,  plus  a  dilTuse  reflection  by  larger  particles.  Schuster  has 
shown  that  our  atmospheric-transmission  coefficients  determined 
on  Mount  Wilson  are  almost  exactly  what  could  be  predicted  by 
Rayleigh's  theory  of  the  scattering  of  light  by  the  molecules  of  air. 
Diffuse  reflection  and  scattering  is,  according  to  Rayleigh,  a  con- 
tinuous function  of  the  wave-lengths.  Hence  our  linear  bolom- 
eter amply  suffices  to  estimate  the  atmospheric  transmission  in 
regions  where  selective  atmospheric  absorption  does  not  exist. 
But  Mr.  Very  would  have  us  admit  an  atmospheric  band  at  0.40  m 
to  0.46  M.  Our  own  work  gives  no  certain  intimation  of  this.^ 
We  cannot,  however,  see  how  an  inspection  of  the  extra-atmospheric 
energy -curve  we  have  determined^  could  allow  anybody  to  believe 
that  any  appreciable  increase  of  the  solar  constant  could  come  from 
smoothing  the  curve  from  0.40/*  to  0.46^1,  as  if  there  were  an 
atmospheric  band  there,  in  the  manner  we  employ  for  the  water- 
vapor  bands  of  the  infra-red. 

'  See  Annals  of  the  Astrophysical  Obscnalory  0/  the  Smithsonian  Institution,  2, 
64-65. 

'/6/V/.,  Plate  XVI  r. 

i  Astrophysical  Journal,  34,  206,  191 1. 
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CONCLUSION 

Mr.  \'ery  evolves  a  value  of  the  solar  constant  of  radiation  from 
such  unkno\\'n  or  fragmentary  data  as  the  reflection  and  emission 
of  the  earth,  moon,  and  Mars,  the  temperatures  of  the  two  latter, 
and  the  dependence  of  terrestrial  temperature  on  insolation.  To 
clear  the  way  for  this  he  accuses  us  of  doing  what  we  have  not,  mis- 
represents what  we  have  done,  and  suggests  certain  sources  of  error 
in  our  methods  which  we  had  already  quantitatively  discussed. 
We  base  our  value  on  ten  years  of  painstaking  work,  both  theoreti- 
cal and  experimental,  in  laboratory  and  afield,  at  sea-level  and 
high  altitudes,  comprising  over  600  independent  determinations 
by  the  most  approved  method. 
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Washington,  D.C. 
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THL    STARK-DOl'PLKR    KIFECT    FOR    ll\l)R()(iK\ 
CANAL   RAYS   IN  AIR 

By  GORDON  S.   I'UlxniCK 

It  has  been  found  that  litiht  is  ])r()(luce(l  l)y  the  collision  of 
canal  rays  with  gas  molecules."  An  attempt  was  made  to  explain 
the  details  of  the  Stark-Doppler  etTect,  assuming  that  the  collisions 
of  canal  rays  with  gas  molecules  obey  the  laws  of  ordinary,  per- 
fectly elastic  impact.  This  was  found  to  inxolve  two  other  rather 
improbable  assumptions:  namel}-,  that  neutral  canal  rays  do  not 
cause  the  emission  of  an  appreciable  amount  of  light;  and  that 
it  is  the  hit  molecules,  not  the  hitting,  which  emit  the  light  showing 
the  Stark  effect.  Also  the  fact  that  «  particles  are  but  slightly 
scattered  in  ionizing  over  lo^  air  molecules  each,  suggested  that 
the  assumption  of  perfectly  elastic  collision  was  wrong.  The  follow- 
ing experiment  was  devised  to  test  this. 

.APP.AR.ATUS 

The  apparatus  was  arranged  so  that  a  fine  beam  of  canal  rays, 
after  passing  through  a  o.  2  mm  hole  in  the  cathode,  was  projected 
axially  into  a  capillary  about  0.3  mm  in  diameter.  Hydrogen 
was  suppHed  continuously  to  the  discharge  chamber  through  a 
second  capillary,  and  air  could  be  sent  through  the  main  capillary 
back  of  the  cathode  at  a  rate  regulated  by  a  third  capillary  and 
gas  reservoir.  The  gases  mixed  in  the  chamber  back  of  the  cathode 
and  were  pumped  away  continuously  by  a  Gaede  pump.  The 
stream  of  air  was  sufficient  to  prevent  any  appreciable  quantity 
of  hydrogen  backing  up  into  the  capillary.  Also  very  little  air 
got  into  the  discharge  chamber,  though  that  was  much  less  imj)or- 
tant.  In  the  main  capillary,  then,  the  only  possible  sources  of  the 
hydrogen  lines  were  the  hydrogen  canal  rays,  luminescent  as  a 
result  of  their  collisions  with  air  molecules.  It  was  necessary  only 
to  examine  the  hydrogen  lines  for  the  Stark  effect  to  determine 
whether  or  not  the  hydrogen  rays  were  stopped  by  their  collisions 

'  G.  Fulchcr,  Aslrophysical  Jounutl,  33.  28.  igi  i. 
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with  air  molecules — whether  they  retained  their  energy,  or  handed 
it  on  to  the  hit  molecules  as  previously  assumed. 

The  main  capillary  was  first  silvered  and  the  coating  scratched 
off  along  a  line  parallel  to  its  axis.  Then  it  was  set  in  place  and 
adjusted  to  its  proper  position  by  means  of  three  screws.     The 

,' Anode 

To  Capillapt  and 

MYDPOGEH  PE5E3?V01K 


^  Metal  Shield 


Y   1  {"—To  Gaede  Pump 


SjlVnsED   CAPILLOPY 


SlLVEffED   CAPILLAPY 


To  Capillapv 

AND  AW  fSSEPVDJR 


Apiwiatus  roK  QBSEffvma  the  SxAPn  ErrEcr 

v/HEH  Ntdpogen  Canal  Pats  Hombapd  AlP  Molecules. 
Vu..  I 


scratch  served  as  the  slit  of  a  spectrograph,  which  was  placed  so 
that  the  axis  of  the  collimator  made  an  angle  of  about  45°  with 
that  of  the  capillary.  Two  i)risms  were  used;  one,  whose  angle 
was  45"^,  was  placed  so  that  the  angle  of  incidence  was  about  75°, 
considerably  greater  than  for  minimum  de\iation;  the  other,  a 
60"^  prism,  was  placed  for  minimum  deviation.  With  this  arrange- 
ment, the  width  of  the  lines  was  less  than  half  the  width  of  the 
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slit.  A  curious  lad  noticed  is  that  if  the  order  is  reversed  so  that 
the  60°  prism  comes  first,  the  dispersion  is  considerably  less  for 
the  two  prisms  than  for  the  60°  prism  alone.  Lenses  of  45  cm  and 
55  cm  focal  length  were  used.  The  dispersion  at  A  4300  was  about 
15  A  per  mm.  The  depth  of  focus  obtained  is  remarkable.  Lines 
one  cm  long  on  the  plates  are  of  practically  uniform  width,  though 
the  slit,  as  is  stated  above,  was  inclined  at  an  angle  of  45'^  to  the 
collimator.  The  light  was  so  feeble  that  exposures  of  from  10  to 
24  hours  were  necessary. 

RESULTS 

Parts  of  three  of  the  first  spectrograms  obtained  with  the  above 
apparatus  are  shown  enlarged  about  live  times  in  Fig.  2,  Plate  V. 
Some  spectrograms  obtained  more  recently  are  sho\\'n  enlarged 
about  twice  in  Fig.  3,  Plate  V.  WTien  hydrogen  canal  rays 
bombard  hydrogen  molecules,  the  series  lines  H^  and  Hy  show  the 
Stark  effect  very  clearly.  The  "rest  line"  is  seen  to  be  distinctly 
separated  from  the  broad  "displaced  Hne"  by  an  "intensity 
minimum"  (So.  160).  When,  however,  the  hydrogen  canal  rays 
bombard  air  molecules,  the  displaced  line  alone  is  obtained.  No. 
167  is  interesting  for  another  reason  also:  though  it  represents 
an  exposure  of  24  hours  and  the  series  lines  of  hydrogen  are  quite 
dense,  it  shows  not  a  trace  of  the  compound  lines.  If  present, 
they  must  be  relatively  very  much  weaker  than  in  the  ordinary 
canal  ray  spectrum  (No.  160).  The  cathode  fall  of  potential  was 
in  all  cases  between  4000  and  5000  volts,  and  a  continuous  current 
was  obtained  by  the  use  of  a  condenser  and  high  resistance  as  in 
previous  experiments. 

These  results  mean  that  all  the  sources  of  the  hydrogen  lines 
under  these  circumstances  have  a  considerable  velocity,  between 
2  10^  and  5  X  10^  cm  per  second.  What  conclusions  can  we  draw 
from  this  fact?  Conceivably  the  emission  of  light  by  the  canal 
rays  may  be  due  (i)  to  their  collisions  witli  air  molecules,  or  (2)  to 
their  collisions  with  free  electrons  produced  in  connection  with  the 
ionization  of  the  air  by  the  canal  rays.  There  are  no  other  alter- 
natives since  the  intensity  of  the  light  has  been  shown  to  depend 
directly  on  the  pressure  of  the  gas  through  which  the  rays  are 
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passing  {loc.  cit.).  Collisions  with  air  molecules  must  occur  of 
course,  since  the  gas  becomes  ionized  and  the  canal  rays  are  stopped 
\\'ithin  a  certain  range.  Let  us  first  suppose  that  these  collisions 
are  perfectly  elastic.  The  hit  molecules  will  be  given  a  considerable 
momentum,  and  all  the  light  they  emit  as  a  result  of  the  collisions 
will  show  a  Doppler  effect;  the  hitting  r^ys.  however,  will  emit 
most  light  when  stopped  or  reflected  back  by  the  collision,  and  the 
light  so  emitted  will  show  a  broadened  rest  hne.  but  no  shifted  line. 
But  neither  a  Doppler  effect  for  the  nitrogen  bands  nor  a  rest  hne  for 
the  hydrogen  lines  was  obtained  in  the  abo\e  circumstances.  Either, 
then,  the  coUisions  with  air  molecules  do  not  result  in  an  appreciable 
emission  of  light,  or  the  collisions  are  not  perfectly  elastic. 

Now  consider  the  possibihty  of  coUisions  with  electrons.  With 
ordinarv  discharge  tube  pressures,  the  ratio  of  the  number  of 
electrons  present  to  the  number  of  air  molecules  is  less  than  one 
in  a  miUion.  The  chances  of  collisions  with  electrons  are  of  course 
relatively  much  greater  because  of  the  electric  field  surrounding 
the  charged  rays.  The  deflection  experiments  with  crossed  mag- 
netic fields  made  by  J.  J.  Thomson.^  and  Koenigsberger-  and  his 
co-workers,  have  shown  that  at  very  low  pressures  such  collisions 
predominate,  perhaps,  over  molecular  collisions.  Such  is  certainly 
not  true  at  the  pressures  used  here  (a  few  tenths  of  a  millimeter). 
Also  the  impulse  involved  in  such  a  collision  would  be  over  a 
thousand  times  less  than  in  the  case  of  a  molecular  collision.  The 
effect  would  bc  the  same  as  when  hydrogen  ions  are  neutralized 
bv  slow  cathode  rays  whose  eiu>rg\-  is  due  to  a  potential  difference 
of  less  than  a  volt.  Such  slow  rays  cannot  produce  ionization 
and  in  case  of  such  recombinations  would  not  cause  sufficient 
disturbance  to  produce  any  appreciable  luminescence. 

It  seems  very  probable,  ihcn,  that  canal  rays  emit  Hght  chiefly 
as  a  result  of  coUision  with  gas  molecules;  and  the  fact  that  the 
light  so  emitted  shows  no  rest  line  seems  lo  prove  that  such  colli- 
sions are  not  perfectly  elastic,  bul  lliat  the  rays  retain  a  large  pro- 
j)ortion  of  their  momentum  after  the  collisions  and  do  not  imparl 
much  momentum  to  the  hit  molecules.     The  collisions  then  seem 

■  I'hil.  Mag.,  i8,  825,  1900. 

'  Physikdischc  Xcilschrifl,  11,  666-668,  kjio;  Vcrhaudltingni  drr  dciilschcn 
physikalischni  Cescllscliafi,  12,  995-1017,  1910. 
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intermediate  in  tyi)e  l)etween  tin-  ])erfectly  elastic  collisions  of 
ordinary  gas  molecules  and  the  alniosl  ])erfertly  inelastic  collisions 
of  a  rays  with  gas  molecules. 

Geiger'  has  determined  the  most  j)rol)al)le  angle  through  which 
an  a  particle  is  detlected  by  passing  through  certain  thin  metal 
foils,  and  also  the  way  this  angle  varies  both  with  the  velocity  of 
the  a  ray  and  the  molecular  weight  of  the  metal  causing  the  scatter- 
ing. From  these  data  he  has  comj)uted  the  most  probable  angle 
of  deflection  resulting  from  collision  with  a  single  gold  molecule. 
This  involved  certain  assumptions,  and  the  e.xact  meaning  of  the 
word  collision  was  not  stated;  but  the  results  are  very  interesting, 
and  accurate  enough  for  our  purposes.  Extrapolating  from  his 
data  down  to  lower  velocities  and  smaller  atomic  w'eights,  we  find 
that  when  a  heUum  canal  ray  with  a  velocity  of  lo**  cm  per  second 
hits  an  air  molecule,  we  may  expect  a  most  probable  deflection  of 
about  5°.  For  a  velocity  half  as  great  the  most  probable  angle 
should  be  about  40°.  We  may  expect  that  hydrogen  canal  rays 
would  be  less  deflected,  in  agreement  with  the  conclusion  stated 
above.  It  would  be  very  interesting  to  determine  the  constants  of 
scattering  for  canal  rays  of  various  kinds  and  velocities,  and  thus 
get  deeper  insight  into  the  structure  and  internal  electric  tields  of 
molecules.  Only  when  this  has  been  done  will  a  quantitative 
explanation  of  the  details  of  the  Stark  effect  be  possible. 

The  loss  of  energy  resulting  from  the  collisions  may  account  for 
the  fact  that  the  maximum  velocity  of  the  sources  of  the  .shifted 
lines  is  always  less  than  that  computed  from  the  cathode  fall  of 
potential.^  The  existence  of  the  intensity  minimum  seems  to 
show  that  the  intensity  of  the  light  emitted  as  a  result  of  any 
collision  depends  on  the  energy  of  impact,  which  will  on  the  average 
\ary  directly  with  the  energy  of  the  bombarding  rays,^  falling  to 
zero  perhaps  at  a  certain  velocity  depending  on  the  molecules 
involved.  It  would  be  interesting  to  determine  how  the  width  of 
the  intensity  minimum  depends  on  the  kind  of  gas  molecules  bom- 
barded.    That  it  varies  greatly  is  suggested  by  Strasser's  results 

'  Proc.  Roy.  Soc,  (.\)  83,  492-504,  1910. 

'  ¥.  Paschen,  Annalcn  dcr  Pliysik,  23,  257,  1007;  J.  Stark,  Physikalischc  Zcil- 
schrifl,  8,  399,  1907. 

i  G.  Fulcher.  Aslropliysical  Journal.  33,  40,  191 1. 
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with  mixed  gases. ^  Here  seems  to  be  another  example.  Stark" 
reports  that  the  Doppler  effect  in  mercury  is  clearly  obtained  only 
with  high  potential  differences,  above  40,000  volts.  Yet  with 
mercury  canal  rays  bombarding  hydrogen  molecules,  I  obtained  a 
shift  of  6. 5  A  for  AA  4359  and  4047  with  a  cathode  fall  of  less  than 
5000  volts  (see  below). 

Reichenheim^  found  that  in  the  spectrum  of  light  from  the  path 
of  anode  rays,  some  strontium  and  calcium  lines  showed  the  Stark 
effect  without  any  rest  lines.  The  conditions  were  in  fact  quite 
similar  to  those  obtained  with  the  above  apparatus;  hght  was 
probably  produced  mainly  as  a  result  of  the  collision  of  metalUc 
anode  rays  ^^'ith  molecules  of  iodine  or  some  other  electro-negative 
gas.  His  results  tend  to  show  that  strontium,  calcium,  and  prob- 
ably other  metallic  anode  rays  with  high  velocities  may  retain  a 
large  part  of  their  momentum  after  colliding  with  iodine  or  other 
gas  molecules. 

When  nitrogen  canal  rays  (5000  volts)  bombard  hydrogen  mole- 
cules the  negative  bands  alone  are  produced,  and  these  show  a 
Doppler  effect  (No.  162).  The  following  are  measurements  made 
on  two  spectrograms,  {a)  H  canal  rays  in  H  (trace  of  air)  (No. 
160),  (6)  A'  canal  rays  in  U  (No.  162). 


Hu  4205.26. 
H,i  4212.67. 
Ca  4226.9. . 
A'-42s6.2.. 
^'-4259.4.. 
A'— 4262.3.. 
A'— 4265.0.. 
A'— 4278.0.. 


II y  shift  line 
Ily  4340 . 6 .  . 

Hg  4358.6.. 

//„  4412.42. 


Lines 


(o) 
No.  160 — in  H 


27. 196 

27-725 
28 . 740 

30-775 
30-995 
31.184 
31-370 
32-243 
*35-92 

*36.i2 
36 . 2  20 

*37-274 
40.452 


(ft) 

No.  162 — in  A' 

mm 


27.194 
27.724 
28.741 
*30-7i5 
*30-938 
*3i .122 
*3i-3i4 
*32-i85 


36.212 
37  304 
40.457 


(a) -(ft) 
mm 


-f-  .002 

-j-  .001 

—  .001 

-F  .060 

+  -057 

-|-  .062 

+  -056 

+  -058 


+  .008 

—  .030 

—  .005 


•The  lUrred  lines  arc  shiftcl. 
•  Annalen  dcr  Physik,  31,  890-918,  1910. 

'  Aslrophysical  Journal,  25,  180,  1907;    Aiiitalcn  dcr  Physik,  21,  439,  1906. 
i  Aniiiilcn  (Irr  I'hysik,  33,  747-761,  1910. 
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Each  moasurcnu'iU  i^iwn  is  ihc  mean  ol  li\'c;  llu-  nu-an  devia- 
tion from  the  mean  is  less  than  .002  mm,  yet  irrej^uhirities  in  the 
tihn  cause  a  somewhat  greater  uncertaintw  The  width  of  the 
lines  is  .06  mm.  The  maximum  shift  for  the  Ily  line,  X  4340. 6,  is 
.30  mm  (a);  the  mean  shift  for  the  .V  negative  band,  X  4278, 
is  .059mm  (b);  while  the  mercury  line  /  4358.6  is  shifted  .030 
mm  (a).  The  mercury  line  /  4046.8  was  also  shifted  on  Xo. 
160  a  corresponding  amount.  These  shifts  were  verified  on  other 
spectrograms.  Xo.  160  was  made  with  the  discharge  chamber 
in  direct  connection  with  the  pump  so  that  it  contained  mercury 
vapor  from  the  pump,  whereas  in  the  case  of  No.  162  the  only 
mercury  vapor  present  was  that  which  diffused  over  with  the 
gases  from  the  manometers  connected  to  the  gas  reservoirs.  Multi- 
plying these  shifts  by  the  square  roots  of  the  atomic  weights, 
I,  1^14,  1  200,  we  get  0.300,  0.223,  ^^^  0-423-  Taking  instead. 
I.  1  28.  and  1  100,  we  get  0.300,  0.312,  and  0.300.  The  shifts 
point  to  sources  having  velocities  corresponding  to  singly  charged 
nitrogen  molecular  rays  and  doubly  charged  mercury  atomic  rays. 
The  cathode  fall  of  potential  was  between  4000  and  5000  volts. 

In  the  case  of  canal  rays  in  air  or  pure  nitrogen,  both  Stark'  and 
Hermann^  state  that  the  nitrogen  bands  do  not  show  a  Doppler 
effect.  There  are  two  things  to  consider:  First,  the  number  of 
molecular  canal  rays  compared  to  the  number  of  atomic  rays 
decreases  as  the  voltage  increases.  I  have  never  obtained  any 
trace  of  any  nitrogen  spark  lines  with  voltages  less  than  5000. 
whereas  at  higher  discharge  potentials  the  spark  lines  appear. 
The  Doppler  eiTect  for  the  bands  is  then  weaker  for  higher  voltages 
and  may  be  masked  by  the  intense  negative  bands  emitted  as  a 
result  of  the  ionization  of  nitrogen  molecules  by  secondary  cathode 
rays  or  electrons  produced  by  the  canal  rays.''  Secondly,  the 
scattering  may  be  so  much  greater  in  the  case  of  collision  with 
nitrogen  molecules  than  with  hydrogen  molecules  that  in  the  first 
case  only  a  broadening  of  the  lines  results,  whereas  in  the  second 
a  distinctly  shifted  line  is  obtained. 

^  Gottingen  Sachrichten,  p.  463,  1905;   Physikalische  Zcitschrifl.  6,  894,  1905. 

-  Physikalische  Zeilschrijt,  7,  568,  1906. 

^  Cf.  G.  Fulcher,  Astrophysical  Journal,  34.  388.  io«  i. 
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Xo  trace  of  any  positive  bands  could  be  found  on  any  of  the 
spectrograms  (air  into  U)^  though  long  exposures  were  made  ^^^th 
less  dispersion.  They  are,  then,  relatively  much  weaker  in  com- 
parison with  the  negative  bands  than  in  the  ordinary  canal  ray 
spectrum.  The  negative  bands  of  nitrogen,  then,  are  emitted 
by  the  nitrogen  molecules  when  ionized  by  cathode  rays,'  and 
also  as  a  result  of  collision  with  hydrogen  molecules. 

University  of  Wisconsin 
Febnian-  i,  191 2 

'  Cf.  G.  I-ulcher,  Astro  physical  Journal,  34.  388.  1911. 


SPECTROSCOPIC    SrCDlES    ON    HVDROCKX 
By  H AR\EY  brace  LEMON 

Introduction. — The  question  as  to  whether  any  analogy  exists 
between  the  behavior  of  line  spectra  and  of  continuous  spectra, 
and  if  so.  what  are  its  Hmitations,  has  long  been  a  mooted  one  in 
spectroscopy.  For  continuous  spectra,  excited  solely  by  tempera- 
ture, we  have  had  a  firm  theoretical  basis  developed  by  Boltzmann. 
Wien,  Planck,  and  others,  upon  which  to  work.  Experiment  has 
in  a  remarkable  manner  contirmed  the  deductions  of  theory.  In 
the  case  of  line  spectra  of  gases  and  vapors,  however,  the  situation 
is  far  otherwise.  Until  we  have  a  more  definite  picture  of  what  the 
emitting  mechanism  is.  theory  has  no  foundation  upon  which  to 
build.  To  picture  the  mechanism  we  must  have  first  of  all  agree- 
ment as  to  the  phenomena  it  produces.  As  yet  we  have  not  even 
succeeded  in  this  very  prehminary  requisite.  We  are  not  agreed 
upon  the  data  at  hand,  still  less  are  we  prepared  for  their  interpre- 
tation. With  the  large  number  of  variables  associated  in  the  pro- 
duction of  spectra  of  this  tj^pe,  it  is  not  surprising  that  our  data  are 
asyetfragmentary  and  deal  with  very  special  cases.  The  importance 
of  correlating  these,  however,  in  the  hope  that  they  may  fit  together 
and  give  us  some  clue  to  the  mechanism  beneath  can  not  be  over- 
estimated. It  may  be  that  spectroscopic  data  alone  will  be 
insufficient — that  perhaps  a  study  of  the  ionization  processes  taking 
place  simultaneously  with  the  production  of  light  may  be  necessary. 
The  general  aim  of  the  present  work  will  be  confined  to  an  attempt 
to  bring  the  spectroscopic  data  available  into  concordance-. 

Because  of  the  apparent  simplicity  of  at  least  one  portion  of  its 
spectrum  and  on  account  of  its  predominant  character  in  the 
spectra  of  many  stars,  hydrogen  has  been  one  of  the  most  widely 
studied  elements,  especially  as  to  the  question  of  analogy  between 
the  behavior  of  its  series  spectrum  and  that  of  continuous  spectra. 
Kayser'  and  Langenbach^  in  1903  attempting  this  parallel  between 

'"Zur  Temperaturbestimmung  strahlender  Gase,"  BoUzmann  Festschrift,  p.  38 
(July  1903),  Barth,  Leipzig.  1904. 

'  "  L'eber  Intensitatsvcrteilung  in  Linicns{>ectren,"  .l«;/a/tM  der  Physik.  10,  789, 
1 90.3  • 
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continuous  and  discontinuous  spectra  believed  they  detected  a 
shift  in  the  energy  maximum  of  emission  toward  the  violet  with 
increased  electrical  excitation.  The  order  of  magnitude  of  this 
effect  was  considerable.  If  the  same  efTect  had  been  observed  in 
the  temperature  radiation  of  a  black  body  it  would  have  corre- 
sponded to  a  rise  in  temperature  of  the  radiator  from  2200  to  2760 
degrees  absolute.  This  does  not  say,  however,  that  such  was  the 
temperature  of  the  hydrogen.  In  fact,  looked  at  from  other 
angles  there  seems  to  be  little  ground  for  any  analogy  whatever, 
for  the  comparison  is  between  a  so-called  ''luminescent"  radiation 
excited  solely  by  an  electrical  discharge  and  one  whose  origin  lies 
in  temperature  alone.  Kayser's  and  Langenbach's  results  have 
meaning  only  as  showing  a  relation  between  the  radiation  and  the 
intensity  of  excitation.  Moreover,  Nutting  and  Tugman^  study- 
ing the  efTect  of  electrical  conditions,  primarily  current  and 
pressure,  upon  the  hydrogen  radiation,  reach  conclusions  not  in 
accordance  with  those  of  Kayser  and  Langenbach.  Jungjohann^ 
on  the  other  hand  agrees  qualitatively  with  Langenbach  as  to  the 
effect  of  pressure  on  the  energy-maximum  shift  but  disagrees  with 
Kayser  as  to  the  correspondence  of  this  shift  with  that  of  a  black 
body.  All  of  these  experiments  have  been  carefully  conducted, 
but  the  methods  used  have  been  widely  divergent,  especially  as  to 
the  mode  of  excitation  employed;  and  to  this  and  to  one  other 
cause  about  to  be  mentioned  must  the  disagreements  be  ascribed. 
Continuous  background. — In  making  photometric  measures  on 
the  spectrum  of  hydrogen  one  very  important  factor  seems  to  have 
been  universally  overlooked,  and  it  may  be  the  neglect  of  this 
factor,  more  than  experimental  differences  in  method,  has  been  the 
greatest  cause  of  the  discrepancies  among  workers  in  this  field. 
This  factor  is  the  continuous  spectrum  of  hydrogen.  There  are 
present  in  all  ordinary  forms  of  vacuum  luljcs  filled  with  pure 
hydrogen  three  spectra  -the  series  line  spectrum,  the  compound 
line  spectrum,  and  the  continuous  spectrum.     The  last,  very  faint 

'  "The  Intensities  of  Some  Hydrogen,  .Argon,  and  Helium  Lines  in  Relation  to 
Current  and  Pressure,"  Bulletin  Bureau  oj  Standards,  7,  49,  191 1. 

'  "Ueber  Emission  und  .■\bs<jnJlion  Icuchtendcr  Gaso  hei  hohcn  Stromdichten  untcr 
Verwendung  von  Glcichstrom,"  Zcil.f.  Wiss.  Pholog.,  9,  84,  105,  141,  iqio. 
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in  the  red,  becomes,  even  al  low  pressures  (i  ^^  mm),  quile  strong 
in  the  blue  and  very  marked  in  the  violet.  Obviously  when 
examined  under  the  low  dispersion  of  a  spectrophotometer  it 
doubtless  consists  of  a  mixture  of  true  continuous  background  and 
unresolved  compound  line  spectrum.  In  any  case  measures  made 
on  the  series  lines  Z//3.  Hy,  and  H^,  etc.,  will  be  largely  in  error 
unless  correction  is  made  for  this  continuous  background  on  which 
these  lines  appear.  A  glance  at  the  following  table  will  show 
clearly  the  magnitude  of  this  correction. 

TABLE  I 
Magnitude  of  the  Background  Correction 


a 

P 

y 

a 

b 

"g 

pg 

■'« 

Uncorrected 

.084 
.084 

.130 
.081 

.169 
•  035 

■033 

•033 : 

1 

.094 
•045 

:ooo 

.049 

Corrected 

•134 

The  figures  represent  the  photometric  intensities  of  the  series 
lines  Ha,  H/3,  Hy,  and  of  a  group  of  secondary  lines,  a,  in  the  red 
(/=  .600-. 603  At),  b,  in  the  blue  (/=  .492-. 495  /a),  relative  to  the 
intensity  of  the  corresponding  portions  of  the  spectrum  of  a  Nernst 
glo\ver.  The  gas  was  pure,  under  a  pressure  of  .318  cm  and  was 
carrying  a  current  of  6  milliamperes;  the  form  of  tubes  and  the 
apparatus  is  described  fully  below.  The  hrst  line  in  the  table  gives 
the  intensities  as  measured  without  any  consideration  being  taken 
of  the  background.  The  second  Hne  shows  that  whereas  the  red 
lines  a  and  a  are  unchanged,  owing  to  the  absence  of  the  background 
in  the  red,  the  blue  lines  have  their  intensity  values  changed  by 
40  to  50  per  cent  and  the  violet  line  by  as  much  as  80  per  cent. 
The  intensity  of  the  background  immediately  adjacent  to  the  red 
side  of  the  series  lines,  denoted  in  the  table  by  a^..  /5^,  7«.  is  seen  to 
rise  very  rapidly  from  zero  in  the  red  to  a  magnitude  almost  equal 
to  that  of  7  in  the  violet.  At  lower  pressures  the  background  is 
not  so  strong,  at  higher  pressures  it  is  much  more  marked,  in  fact, 
it  becomes  so  strong  that  Uy  is  seen  with  dilhculty,  if  at  all,  on  it. 
That  so  large  a  source  of  error  in  the  intensities  of  the  hydrogen 
lines  should  have  been  overlooked  by  previous  workers  seems  very 
strange.     However,  none  of  them  in  any  place  makes  mention  of 
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observations  on  the  continuous  background  or  of  any  correction 
of  the  line  intensities  due  to  it.  Plate  VI,  a  reproduction  of  photo- 
graphs of  the  spectra  given  by  some  of  the  hydrogen  tubes  used, 
shows  clearly  the  magnitude  of  the  continuous  ground.  A  is 
taken  with  the  large  dispersion  of  a  2-meter  focus,  3j-inch  con- 
cave grating  ruled  by  Professor  Michelson;  B  is  taken  with  a 
small  prism  for  the  dispersion  piece,  and  shows  the  effect  of 
pressure  in  strengthening  the  background. 

Outline  of  experiments. — The  original  aim  of  these  experiments 
was  an  attempt  to  throw  some  light  upon  the  open  question  as  to 
the  effect  of  temperature  alone  on  the  emission  of  hydrogen.  The 
method  was  the  very  simple  one  of  changing  the  temperature  of 
the  discharge  tube  through  a  large  range  and  making  photometric 
measures  on  the  intensities  of  the  various  portions  of  the  spectrum. 
Electrical  conditions  were  of  course  to  be  held  as  nearly  constant 
throughout  as  was  possible.  In  the  course  of  these  first  experi- 
ments there  came  to  hght  the  above-mentioned  possible  cause  of  the 
disagreement  of  previous  workers  on  the  question  of  the  effect  of 
electrical  conditions,  and  the  original  aim  of  the  undertaking  has 
been  broadened  to  a  somewhat  more  extensive  one.  This  will 
include  the  study  of  the  effect  of  electrical  conditions  on  the  radia- 
tion of  hydrogen,  helium,  and  perhaps  other  elementary  gases,  as 
well  as  the  effect  of  temperature  alone. 

Part  \a 

THE   EFFECT  OF   TEMPER.\TURE  UPON  THE  HYDROGEN   SPECTRUM  AS 
PRODUCED   BY   ALTERNATING   CURRENT 

Apparatus. — The  apparatus  consisted  of  the  hydrogen  generator 
and  purifier,  the  discharge  tubes,  the  electrical  exciting  equiimicnl, 
and  the  spectrophotometer.  A  general  view  is  given  in  the  photo- 
graph, Plate  VII.  Fig.  i  is  a  detail  drawing  of  the  hydrogen  gen- 
erating and  |)urifying  aj)paratus.  It  was  made  entirely  of  glass 
with  a  minimum  number  of  stopcocks.  The  gas  was  generated  by 
the  electrolysis  of  a  dilute  solution  of  ()rthophosi)horic  acid  in  tube  A  . 
So  prepared,  it  contains  a  trace  of  oxygen  which  is  absorbed  in 
tubes  B  and  ('.  each  containing  an  alkaline  j)yrogallol  solution. 
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The  formula  duo  to  Hcnipcl  was  used,  as  this  seems  to  he  one  of  the 
few  satisfactory  sokitions  for  comijletely  taking  up  oxygen  without 
giving  olT  carbon  monoxide.     It  consists  of  15  gms  pyrogallol  in 
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45  cc  water;  360  gms  potassium  h\-drate  (prepared  without  use 
of  alcohol)  in  240  cc  water.  These  two  solutions  are  made  sepa- 
rately, then  thoroughly  mixed,  and  quickly  transferred  to  the  tubes 
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prepared  for  them  without  any  of  the  solution  which  entered  the 
tubes  having  come  in  contact  with  the  air.  A  very  brief  exposure 
to  air  will  oxidize  the  solution  and  render  it  almost  worthless.  To 
avoid  the  presence  of  air  in  the  apparatus  at  the  start  it  was  all 
completely  exhausted  before  any  of  the  hquids  were  admitted  to 
it.  The  side  tubes  b  and  c  make  it  possible  to  replenish  the  solu- 
tions when  exhausted  without  contamination  of  the  contained  gas 
and  without  using  stopcocks.  The  hydrogen,  when  thus  freed 
from  oxygen  was  collected  in  the  tubes  D,  E,  and  F,  which  con- 
tained, respectively,  calcium  chloride,  potassium  hydrate  sticks, 
and  phosphorous  pentoxide,  and  which  serve  as  driers  and  as  a 
storage  chamber. 

The  stopcock  2  admits  the  gas  to  the  experimental  tubes  which 
are  in  connection  with  a  self-exhausting  sulphuric  acid  manometer,/. 
WTien  cock  4  in  the  manometer  is  open  both  sides  can  be  completely 
exhausted,  after  which  the  cock  is  closed.  On  readmitting  gas  the 
difference  in  level  assumed  by  the  two  arms  indicates  the  pressure. 
The  trap/  serves  to  protect  the  cock  from  acid  accidentally  thrown 
over  by  the  use  of  too  high  a  pressure.  Exhausting  the  apparatus 
takes  place  through  cock  3  by  means  of  a  Gaede  pump.  To  pre- 
vent diffusion  of  mercury  vapor  back  from  the  pump  into  the  dis- 
charge tubes  two  mercury  traps,  G  and  H,  were  provided.  For  all 
pressures  down  to  .03-. 04  cm  cock  5  was  left  closed  and  the 
trap  //  used.  This  consisted  sim])ly  of  a  tube  just  dipping  beneath 
the  surface  of  sulphuric  acid.  Exhaustion  through  this  could  take 
place  down  to  a  i)ressure  approximately  represented  by  the  amount 
of  submersion  of  the  tube.  For  pressures  below  this  amount  cock  5 
was  opened  and  exhaustion  took  place  through  tube  G,  which  was 
closely  packed  with  gold  leaf.  At  the  low  pressures  for  which  G 
was  needed  the  free  path  of  the  mercury  molecules  was  large  enough 
to  y^revent  their  dilTusion  through  the  spaces  between  the  gold 
without  hitting  it.  Thus  all  are  caught  and  held  by  the  latter. 
Obviously  at  higher  pressures  this  might  not  be  the  case.  These 
two  traps  were  c()mj)letcly  successful  in  j)reventing  the  diffusion  of 
mercury  back  into  the  apparatus.  During  a  year's  intermittent 
use  the  test  discharge  tube  at  /  never  showed  any  trace  of  the 
mercury  spectrum. 
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■  Fig.  2  shows  ii  general  plan  ol"  ihc  rest  of  the  ai)paratus.  The 
light  from  the  discharge  tube.  D,  was  compared  with  that  from  a 
Nernst  glower,  N,  by  a  modified  form  of  a  Brace  spectrophotome- 
ter. B.  The  selective  absorption  of  the  silver  strip  through  the 
middle  of  the  photometer  prism  was  found  to  be  negligible  for  such 
measures  as  these  experiments  involved.  Constant  slit-widths  were 
used  in  both  collimators,  but  the  beam  coming  from  the  Xernst  was 
plane  polarized  by  means  of  a  Xicol  at  P.     After  having  traversed 


Fig.  2. — General  Plan  of  .Apparatus 

identical  i:)aths  through  the  prism  (except  for  the  reflection)  the 
two  beams  unite  in  the  telescope  and  the  two  spectra  formed 
superimpose  when  viewed  with  an  eyepiece  at  E.  An  eye-slit  at 
this  point  cuts  out  all  light  except  that  of  the  spectral  line  or  group 
being  measured,  and  the  background  behind  it.  On  remo\'ing  the 
eyepiece  and  looking  through  the  eye-slit  with  the  eye  approxi- 
mately in  the  principal  focus  of  the  telescope  lens  the  surface  of 
the  prism  appears  illuminated  uniformly,  except  for  the  silver  strip, 
which  is  of  different  intensity  from  the  rest.  Now  by  means  of  an 
analyzing  Xicol  in  front  of  the  eye  the  intensity  over  the  rest  of 
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the  surface  can  be  made  to  match  exactly  that  of  the  silver  strip, 
when,  by  careful  adjustments,  the  latter  disappears.  The  speed 
and  accuracy  of  the  settings  obtainable  with  this  form  of  spectro- 
photometer are  too  well  known  to  require  mention. 

The  Xernst  comparison  lamp.  .Y,  was  a  seasoned  90  \'..  o.  5  amp. 
glower  held  by  means  of  a  series  resistance,  Ki  at  a  constant  cur- 
rent. A  heavy  metal  shutter.  5,  screened  the  collimator  slit  from 
the  intense  radiation  except  while  settings  were  actually  being  made. 
The  discharge  tubes  had  the  form  shown  in  section  in  Fig.  3.     The 


Fio.  3. — Discharge  Tube 

top  j)art  of  the  electrodes  was  bent  into  the  form  of  a  ring  so  that 
the  light  from  the  capillary  could  be  viewed  "end-on"  through  the 
side  arm,  which  was  closed  with  a  (juartz  or  glass  window.  The 
tubes  were  excited  by  means  of  the  secondary  circuit  of  a  5  kw. 
transformer  (see  Fig.  2).  This  circuit  also  contained  as  indicated 
a  Weston  milliammeter  and  a  Brown  electrostatic  voltmeter.  The 
j)rimary  of  the  transformer  was  fed  through  a  series  resistance,  K, 
with  alternating  current  from  a  5  H.P.  twin  motor-generator  set 
which  had  separately  excited  generator  fields  and  could  be  held 
very  constant.  In  fact,  the  current  through  thr  tubes  never 
lUKtuatcd   bv  amounts  readable  on   tlu'  niilliamnieter.     An  open 


SPECTROSCOPIC  STUDIES  OX  HYDROGEN  117 

circuit  i)r()j^rani  of  ohscrNiitions  was  adopted,  the  switch  A'  bein^ 
oi)en  and  no  current  flowing  throu<^h  the  tul)es  except  at  the 
moments  settings  were  being  made.  Thus  there  was  no  heating  of 
the  tubes  due  to  the  discharge. 

Several  of  the  tul)es  were  held  simultaneously  in  a  double-walled 
container  which  permitted  the  part  containing  the  discharge  to  be 
entirel}'  surrounded  with  li(|ui(l  air  when  desired.  The  side  arm 
of  the  tube,  projecting  through  the  walls  of  the  container,  gave  an 
uninterrupted  view  into  the  interior  of  the  tube  at  all  times.  On 
the  window  was  attached  by  means  of  hard  wax  a  fine  needle  point 
which  was  observed  in  a  micrometer  microscope,  M,  clamped  to 
one  of  the  collimators.  Any  shift  between  collimator  and  tube 
was,  therefore,  easily  detected  and  carefully  corrected  by  means  of 
adjusting  screws.  Moreover,  the  various  tubes  in  the  container 
could  thus  be  successively  brought  into  alignment,  moved  out,  and 
brought  back  again  accurately  to  their  original  positions.  Rehable 
measures  were  found  impossible  without  this  arrangement,  since  the 
changes  in  temperature  to  which  the  container  was  subjected  would 
warp  it  slightly,  thus  bringing  into  view  light  from  a  sHghtly  differ- 
ent portion  of  the  capillary  and  causing  thereby  variations  of 
selective  intensity  considerably  larger  than  those  due  to  the  causes 
under  consideration. 

Method  of  observation.  -The  plan  of  observation  finally  adopted 
as  the  most  reliable  was  to  make  at  a  given  pressure  two  successive 
comparisons  of  the  radiation  of  the  discharge  tube  at  room  tem- 
perature with  that  of  the  Nernst  glower.  Then  after  cooling  the 
tube  two  successive  comparisons  were  again  made  with  the  glower, 
the  gas  density  in  the  tube  being  kept  the  same  and  the  electrical 
conditions  remaining  constant  throughout.  Fresh,  spectroscopi- 
cally  pure  gas  was  readmitted  for  every  set  of  observations.  The 
gas  density  was  controlled  in  two  ways:  (i)  Gas  was  admitted  to 
the  tube  at  the  desired  pressure  and  at  room  temperature,  and  the 
tube  then  sealed  off  from  the  rest  of  the  apparatus.  Observations 
were  then  made  first  at  room  temperature  then  at  that  of  Uquid  air. 
Owing  to  the  possibility  that  occlusion  at  the  low  temperature 
might  change  the  gas  density,  only  few  observations  were  made 
using   this   method.     (2)   In   most   of    the   observations   gas   was 


Ii8  HARVEY  BRACE  LEMON 

admitted  to  the  tubes  to  the  desired  pressure  and  observations  with 
the  tube  at  room  temperature  taken.  The  tube  was  then  cooled 
while  remaining  in  connection  with  pump  and  gas  supply  and  the 
pressure  now  so  adjusted  that  the  gas  density  was  just  the  same 
as  before,  i.e..  the  pressure  was  made  proportional  to  the  absolute 
temperature.  Observations  at  the  low  temperature  were  then 
made.  No  difference  was  observed  in  measurements  resulting  from 
these  two  different  methods  of  control,  except  at  very  low  pressures. 

The  current  through  the  tubes  being  kept  constant  and  the 
mass  of  gas  between  the  electrodes  being  always  the  same,  the 
potential  difference  between  the  electrodes  would  not  be  expected 
to  change.  Earhart'  has  shown,  however,  that  the  beha\'ior  of 
hvdrogen  is  irregular  in  this  respect,  a  fact  which  has  been  also 
observed  in  these  experiments.  For  pressures  below  6-7  mm  the 
potential  difference  across  the  electrodes  rises  somewhat  when  the 
tube  is  cooled.  At  pressures  above  this  value  it  falls  somewhat  on 
cooling.  Test  experiments  have  shown,  however,  that  these  varia- 
tions are  wholly  incapable  of  producing  in  the  radiation  from  the 
tubes  such  large  changes  as  have  been  observed. 

To  sum  up  then:  Under  electrical  conditions  which  have  been 
controlled  as  closely  as  the  nature  of  the  case  permits,  indeed  to 
within  a  few  per  cent,  measurement  has  been  made  of  the  effect  of 
a  decrease  in  the  temperature  of  the  discharge  tube  from  about 
300°  absolute  to  about  100°  absolute,  upon  the  photometric  inten- 
sities of  those  parts  of  the  hydrogen  spectrum  above  mentioned,  i.e., 
the  series  Hnes,  a,  ^,  7  (>^'=  -656,  .486,  -434/*),  the  secondary  groups, 

a,  and  b  0^=  .601,. 493/^1  a])])r()x.),  and  the  continuous  ground  im- 
mediately adjacent  to  a,  ^,  and  7,  which  is  very  near  also  to  </,  and 

b.  The  readings  actually  taken  are  successively  on  the  intensities 
of  (i)  aJ^a,-  (2)  a,;  (3)  a+a,;  (4)  b+^,-  (5)  /3,;  (6)  /3+/?,; 
(7)  7«;  (^8)  7+7if.  The  subtraction  of  (2)  from  (i)  and  (3),  of  (5) 
from  (4)  and  (6),  and  of  (7)  from  (8)  give  the  true  values  of  a,  ^, 
7.  a.  and  b  corrected  for  background.  (2)  has  always  been 
observed  equal  to  zero  and  therefore  has  been  omitted  from  the 
tables, 

■  "The  Kffecl  of  Temperature  on  Kletlrital  Discharge  in  (iases,"  Physical  Review, 
31,  652,  1910. 
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Rcsulls. — A  summiiry  of  the  results  ()])taine<l  is  ^iven  below. 
Three  dilTerent  tubes  were  used  which  differed  in  general  dimensions 
and  especially  in  the  bore  of  the  capillary.  Under  a  total  current 
of  6  m.a.  the  different  sized  capillaries  resulted  in  the  following 

current-densities  for  the  different  tubes: 


Tube  I . 
Tube  o. 
Tube  2 . 


2.3  amp/cm' 
0.2 

0.04        " 


Five  dilTerent  pressures  were  used,  viz..  0.08,  .13,  .31.  .70.  1.37 
cm  (Hg)  respectively.     The  figures  tabulated  are  the  ratio 

Intensity  at  T=  100°:   Intensity  at  T=300°. 

Two  independent  measures  of  the  numerator  and  two  of  the 
denominator  were  made.  The  four  possible  combinations  of  these 
which  give  the  ratio  are  shown,  as  illustrating  the  experimental 
error,  and  the  average  taken.  The  total  number  of  settings 
involved  in  the  data  of  each  table  is  given  with  it. 


TABLE  II 
A 


Pressure,  0.08  cm 
Current-Density,  0.04  amp/cm' 


TtJBE   2 


140  Settings 


a 

3 

y 

a 

b 

^« 

yg 

51 

•55 

.40 

155 

1.64 

1. 17 

I  35 

■49 

•56 

■38 

I  .60 

1-47 

1 .  22 

1.24 

•55 

•50 

•52 

1. 41 

1.70 

I  33 

1.27 

•53 

51 

49 

I   45 

1-52 

1^38 

1. 17 

Av.  .52 

■S3 

•45 

I-50 

1.58 

1.27 

1.26 

Pressure,  0.08  cm 


Tube  i 


Current-Density, 

2.3  amp/cm' 

105  Settings 

a 

fi                 y 

a 

b 

^« 

yg 

■58 

Av.  ^58 

■31                  39 
•31       1          -39 

1 .  22 

I   33 
1.27 

1.24 
1.28 
1.26 

I   J3 
I   13 
^•i3 

1.07 

1.04 
I  •05 

I20 
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TABLE  III 
A 


Pressure.  o.i8  cm 


Tube 


Current-Density,  0.04  amp/cm^ 

210  Settings 

a 

P                           Y 

a 

b 

h 

T« 

■64 

.5-'                  64 

I    36 

1 .21 

1.30 

1.28 

.61 

.62                .57 

I. 41 

I  31 

1.28 

1.28 

■53 

•54                  53 

1.36 

1.08 

1. 19 

1-23 

•51 

•63                 -57 

1. 41 

1. 17 

1. 17 

1.23 

(.48 

.40                 .87 

I  .40 

1 .02 

1.28 

I.  19) 

Av.  .56 

.56                 .58 

1.38 

1. 18 

1.24 

1.24 

B 

Pressure,  0.18  cm 

Tube  i 

Current- Density,  2.3  amp,  cm* 

140 

Settings 

.28 

.28 

■33 

1.18 

.28 

^3, 

■34 

I  30 

■3-' 

•30 

40 

1.09 

•32 

.26 

41 

1.20 

•30 

•32 

■37 

1. 19 

•54 
47 
•63 
■56 
•55 


1-57 


1.38 
1.77 


1-5/ 


Pressure.  0.32  cm 
Current-Density,  0.04  amp/cm' 


TABLi:  IV 

A 


Tube  2 


280  Settings 


a 

3 

y 

a 

b 

"« 

yg 

5« 

56 

2.00 

I   85 

I   59 

1 .40 

52 

56 

2  00 

2.  16 

1 .40 

I  47 

•  42 

50 

157 

178 

1.68 

1.40 

•43 

50 

1.58 

2.08 

1,48 

147 

Av. 

•47 

•53 

1 

1.78 

1.97 

1-54 

1.44 

Pressure,  0.32  (m 


Tube  i 


Current- Density, 

2.3  amp/cm' 

140 

Settings 

1 

» 

y 

" 

b 

Pg 

>jt 

•37 

52 

45 

1 .  12 

I  30 

1 .00 

0.92 

36       1 

4Q 

37 

1 .  12 

I  30 

1 .00 

0.92 

.38 

53 

•44 

1 ,00 

I  38 

0.95 

»  03 

37 

50 

35 

I  00 

1.38 

0.9s 

I  03 

Av.  .37 

S' 

.40 

I    Oti 

I  34 

0.97 

0  97 
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PrESSIRK,    0.3:!    CM 

Current-Density,  0.2  amp/cm' 


Av. 


.64 
.64 
.67 

■67 
.66 


P 


•74 
79 
•59 
■63 
.69 


TlBE   O 


140  Settings 


•55 

•52 

52 

30 

"' 

49 
.29 

•43 
•27 
•36 


yg 


17 
14 


Pressire,  0.7  CM 
Current-Density,  0.04  amp/cm' 


T.\HLK  V 


TlBE    2 


210  Settings 


3 


Av. 


62 

47 

62 

67 

83 

66 

60 

87 

59 

63 

71 

2.47 

2.56 

2.44 
2.52 
237 

2.46 

2.47 


1.78 

1.99 

I   73 


33 

42 

25 

37 

34 

42 

26 

37 

32 

42 

24 

37 

29 

40 

Pressure,  0.7  cm 
Current-Density, -2.3  amp/cm^ 


Tube  i 


70  Settings 


a 

fi 

y 

a 

"                      h 

yg 

•45 

•31 

Av.  .38 

■  38      -60     1.93 
•43       -55      1-86 
.40       .58      1.90 

1 .  84       1 .  94 

I  95   1   156 
1.90      1.7s 

2.10 
1.96 
2.03 

Pressure,  1.37  cm 
Current-Density,  0.04  amp/cm* 


TABLE  \I 
A 


Tube  2 


140  Settings 


a 

^ 

Y 

a 

b 

f^g 

yg 

•47 

23 

2.38 

2  44 

I  25 

X  .02 

•SO 

34 

2.24 

1 .00 

0.98 

■31   ' 

45 

1.94 

1 .69 

1 .20 

0.97 

■33 

66 

1.82 

0.96 

0.94 

Av.  .40 

1 

40 

2.  10 

2.06 

1. 10 

0.97 
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TABLE  VII 


Current-Density,  0.04  amp  cm- 


Tube 


Press. 

a 

P 

Y 

a 

b 

1-3 

yg 

.08  cm 

.6 

■5 

•4 

1-5 

1.6 

1-3 

.18   " 

.6 

.6 

.6 

1-4 

1.2 

1.2 

1.2 

•31    "            i 

•5 

•5 

1.8 

2.0 

i-S 

1-4 

•70   "            ! 

.6 

•7 

2.S 

1.8 

1-3 

1-4 

1-37   " 

•4 

•4 

2.1 

2.1 

I.I 

I.O 

Current-Density,  2 . 3  amp/cm' 


Tube  I 


Press. 

a 

P 

7 

a 

b 

P« 

yg 

.08  cm 

.6 

•3 

■4 

1-3 

1-3 

1 .1 

I.I 

.18   " 

•3 

•3 

•4 

1.2 

1-5 

1.6 

1.6 

■31    " 

•4 

■S 

•4 

I.I 

1-3 

1.0 

1.0 

.70  " 

•4 

•4 

•5 

1.9 

1.9 

1.8 

2.0 

It  is  seen  from  these  tables,  summed  up  in  Table  \TI,  that  the 
results,  for  all  pressures  and  the  two  widely  different  values  of 
current-density  used,  are  in  quite  good  agreement.  In  all  cases 
at  the  lower  temperature,  the  series  spectrum  weakens  to  about 
0.5  its  normal  vakie,  and  the  compound  line  spectrum  strengthens 
to  1.5  or  2.0  times  its  normal  value,  while  the  continuous  back- 
ground increases  somewhat,  but  less  than  the  compound  spectrum. 
Inasmuch  as  the  background  consists  of  true  continuous  spectrum 
plus  some  faint  compound  spectrum,  it  is  quite  possible  that  the 
true  background  changes  little  if  at  all,  the  faint  compound  spec- 
trum mixed  with  it  being  responsible  for  the  slight  rise  shown. 

The  radiant  energ}',  then,  as  the  discharge  tube  is  cooled,  tends 
to  leave  the  series  lines  and  to  go  into  the  compound  line  spectrum. 
This  is  in  accord  with  the  general  behavior  of  series  and  many-lined 
spectra.  The  former  are  characteristic  of  substances  which  radi- 
ate at  temj)eratures  considerably  above  their  melting  or  boiling 
points  or  under  the  most  powtrlui  electrical  conditions;  the  latter 
are  characteristic  of  substances  such  as  iron,  titanium,  etc.,  whose 
condition  when  radiating  api)roaches  the  solid  or  licjuid  state. 
Continuous  spectra  are  characteristic  of  glowing  solids  and  li(|uids. 
Hydrogen  exhibits  simultaneously  these  three    kinds   of   spectra. 
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When  its  tcmi)craturc  falls  and  aj)pr()achcs  those  at  which  lique- 
faction can  occur  its  predominating  spectra  become  those  charac- 
teristic of  substances  near  the  liquid  or  solid  conditions,  i.e.,  the 
compound  line  spectrum  and  the  continuous  spectrum,  to  a  less 
degree.  The  photograph,  Plate  VTII,  of  the  spectra  of  tube  2, 
shows  clearly  this  transfer  of  energy  from  the  series  spectrum  to  the 
many-lined  spectrum  with  a  decrease  in  the  temperature.  Five 
pressures,  approximating  those  at  which  the  visual  observations 
were  taken  are  shown.  The  top  spectrum,  A,  in  each  case  is  taken 
with  the  discharge  tube  at  room  temperature,  the  bottom  one,  B, 
with  the  tube  immersed  in  liquid  air.  The  positions  of  the  series 
Hues,  a,  y3,  7,  are  marked  as  well  as  those  of  the  groups  a  and  b 
of  the  compound  spectrum.  The  relative  weakening  of  the  series 
lines  and  strengthening  of  the  many-lined  spectrum  at  the  low 
temperature,  B,  is  very  clear.  Also  as  the  pressure  rises  the  large 
increase  in  the  amount  of  continuous  spectrum  present  is  illustrated. 

As  to  the  behavior  of  the  series  lines  with  reference  to  each 
other,  it  is  seen  to  be  the  same  for  all.  to  within  the  errors  of  meas- 
urement. Xo  selective  changes  in  their  intensities  are  observed. 
In  tube  2.  which  is  the  more  reHable,  the  current-density  was  not 
high  enough  to  bring  7  into  visibility  for  measurement  at  pressures 
higher  than  .3  cm.  In  tube  i,  however,  7  is  observed  throughout, 
and  in  all  cases  where  there  is  enough  data  to  rely  upon  the  inten- 
sities of  a,  /3,  7,  respectively,  all  changed  in  the  same  way  and  to  the 
same  degree.  Preliminary  experiments  which  have  not  been  made 
use  of  in  this  work  pointed  to  the  same  result. 

It  is  concluded,  therefore,  that  as  regards  the  effect  of  tempera- 
ture on  the  spectrum  of  hydrogen  in  a  vacuum  tube,  excited  by 
alternating  current,  (i)  a  variation  in  the  temperature  of  the  dis- 
charge tube  of  from  300°  to  100°  Abs.  largely  affects  the  relative 
amounts  of  energy  in  the  series  and  in  the  compound  hne  spectrum, 
the  latter  being  much  enhanced  at  the  lower  temperature,  (2) 
this  variation  of  temperature  does  not  alTect  the  relative  intensi- 
ties of  the  series  lines  at  least  to  within  the  limits  of  error  of  the 
experiment,  which  have  been  guarded  by  a  painstaking  control  of 
electrical  conditions  and  careful  photometric  measurements. 

The  author  wishes   to   acknowledge    his   indebtedness   to  the 
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The  writer  has  been  engaged  since  1906  in  determining  the 
relation  between  the  spectra  and  color-indices  of  stars,  and  has 
found  a  good  agreement  between  the  two.  at  least  as  far  as  Type  III 
or  Harvard  Class  \l\  so  good  that  the  Harvard  spectral  classes  and 
color-indices,  when  platted,  fall  nearly  in  a  straight  line.  The 
slope  of  this  line  is  in  fair  agreement  with  that  found  by  E.  S.  King' 
from  brighter  stars. 

Exceptions  to  this  rule  are  therefore  of  special  interest  and  have 
been  investigated  by  the  writer  at  various  times,  usually  with 
negative  results.  For  example,  some  of  the  most  striking  e.xcep- 
tions  in  the  list  published  by  Franks^  were  found  to  be  quite  normal. 
A  list  of  ''Fourth-Type  Stars  not  Red"  given  in  a  letter  from  Pro- 
fessor E.  C.  Pickering,  dated  June  5,  191 1.  therefore  demanded 
attention.  In  order  to  get  a  better  idea  of  the  spectra  of  a  variety 
of  stars  of  Type  IV,  the  list  was  extended  from  Harvard  Circular, 
No.  145,  "Stars  having  Spectra  of  Type  VI,  Class  R,"  also  from  a 
list  of  red  stars  whose  spectra  had  been  photographed  with  the 
40-inch  Yerkes  refractor,  and  the  results  published  by  Hale, 
Ellerman,  and  the  writer  in  1903.^  This  extension  of  the  list 
was  made  possible  by  the  efficient  assistance  rendered  by  Professor 
A.  H.  Joy  of  the  Syrian  Protestant  College  of  Beirut.  \'olunteer 
Research  Assistant  for  the  summer  of  191 1;  and  of  Mr.  C.  H. 
Gingrich,  Fellow  in  Astronomy  at  this  observatory. 

Ellerman  had  photographed  the  spectra  of  the  brighter  stars 
of  Type  I\'  in  two  parts;  the  blue  region  on  Oamer  Crown  and 
Seed  27  plates,  and  the  yellow  region  on  Cramer  Isochromatic 
plates  at  a  different  setting  of  the  Brashear  spectrograph,  using  a 
camera  of  271  mm  focal  length,  and  three  60°  prisms.  For  repro- 
duction these  spectra  were  enlarged,  and  at  the  same  time  broad- 

'  Harvard  Annals,  59.    180.  '  Monthly  .\oliiis,  jo,  igi.  igog. 

^  "Spectra  of  .Stars  of  .Sccchi's  Fourth  Type,"  Pnhlicalions  of  the  Yerkes  Observa- 
lorv,  2. 
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ened  by  a  pendulum  motion  of  the  plate,  so  that  they  showed  a  great 
number  of  fine  lines,  very  much  like  spectra  of  Type  II.  These 
spectra  are  therefore  not  as  well  adapted  to  account  for  the  color- 
indices  of  the  stars  as  if  the  blue  and  yellow  regions  had  been  taken 
on  the  same  plate.  Nevertheless,  being  the  only  large-scale 
spectra  of  extremely  red  stars  so  far  published,  they  are  very  useful 
in  themselves,  and  a  comparison  A\-ith  the  objective-prism  spectra 
is  given  later  in  Plate  IX.  Fig.  i.  to  aid  in  co-ordinating  the  two 
sorts  of  spectra.  Some  specimens  of  the  spectra  taken  with  the 
40-inch  telescope  therefore  follow. 

Fig.  I  includes  the  blue  region  of  Types  II,  III,  and  I\'.  the 
stars,  reading  from  the  top  downward,  being  280  Schjellerup,  Type 
I\';  Sun,  Type  II;  /*  Geminorum.  Type  III,  and  74  Schjellerup.  an 
advanced  specimen  of  Type  I\'.  A  close  correspondence  between 
the  finer  metallic  lines  in  all  four  spectra  is  evident,  but  the  promi- 
nent characteristic  of  the  spectra  of  Type  IV  is  the  broad  dark  band 
extending  from  about  /  4650  to  /  4750,  with  a  bright  band  of  nearly 
equal  width  on  the  less  refrangible  side  and  a  less  intense  but 
broader  bright  region  on  the  more  refrangible  side. 

The  yellow  region  of  the  same  .spectra  is  shown  in  Fig.  2.  Here 
the  correspondence  in  the  metallic  lines  is  somewhat  masked  by 
the  carbon  flutings  in  the  spectra  of  Type  IV.  The  most  prominent 
characteristic  of  the  red  stars  in  this  region  is  the  bright  band  having 
its  more  refrangible  edge  sharply  defined  at  about  /  5640. 

An  inspection  of  these  two  figures  will  show  that  the  color-index 
of  stars  of  Type  I\'  will  depend  mainly  on  the  strength  of  the  bright 
iKind  in  the  yellow  as  compared  with  the  bright  regions  bordering 
the  dark  band  in  the  blue. 

In  Fig.  3  we  have  a  comparison  of  Types  II  and  IV  extending 
farther  into  the  violet,  to  about  X  4200,  and  in  Fig.  4  a  still  greater 
extension  to  a  little  beyond  /  3900.  These  show  a  falling  off  in 
intensity  of  the  'IVpe  I\'  spectra  at  /  4300  (the  solar  G  group)  and 
another  at  /  4227.  Fig.  4  is  remarkable  in  that  it  shows  the 
extension  of  the  spectrum  of  the  red  star  ig  Piscium  beyond  the 
Fraunhofer  H  and  K  lines.  This  plate  was  taken  by  Ellerman 
with  the  Brashear  spectrogra[)h  on  the  24-inch  reflector,  requiring 
an  exposure  of  24  hours  and  40  minutes  on  four  nights. 
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Sun 


Fig.  3. — ^Blue  Region  of  Types  II  and  I\' 
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Fic.  4. — ^N'iolel  Region  of  Tjpes  II.  III.  and  \\ 
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Fig.  5  shows  both  the  bhie  and  yellow  regions  of  a  series  of  stars 
of  Type  IV.  In  the  blue  region  the  regular  progression  in  intensity 
of  the  dark  A  4700  band  suggests  an  evolutionary  scries  in  the  stars. 
This  progression  is  not  as  CNident  in  the  \ellow  region,  though  it 
probably  exists  there  also.  This  ligurc  is  a  composite  of  Plates 
\TII  and  IX  in  the  paper  above  quoted  in  \'ol.  II  of  the  Yerkes 
Observatory  Publications.  The  separation  between  the  blue  and 
yellow  regions  in  the  figure  corresponds  quite  closely  with  the  green 
region  in  the  spectrum  to  which  the  plates  used  were  not  sensitive, 
and  which  therefore  does  not  appear  on  the  photographs.     The  star 


280  Schj. 
ig  Pise. 
318  Birm. 


152  Schj. 


2S0  Schj. 
19  Pise. 
ji<S  Birm. 


Jj2  Schj. 


Fig.  5. — Spectra  of  Fourth -Type  Stars  Taken  with  Slit  Spectrograph 

names  sho\\Ti  on   the  margins  of  the  ligure  arc  those  for  which 
values  of  the  color-index  are  given  in  the  table  following. 

The  spectra  of  most  of  these  red. stars  were  photogra])hed  with 
the  Zeiss  camera  of  145  mm  aperture  and  814  mm  focal  length, 
provided  with  a  doublet  lens  and  15°  objeclixe-prism  of  ultra-violet 
glass.  These  spectra  were  broadened  by  the  diurnal  motion  to  a 
width  of  about  0.6  mm,  suflicient  to  show  the  lines.  To  give  an 
idea  of  the  relative  appearance  of  the  40-inch  and  the  objective- 
prism  i)]ates.  the  blue  region  of  the  si)ectriim  of  iq  Piscium  has  been 
enlarged  to  the  same  scale  from  plates  of  each  kind,  and  the  two 
shown  in  Plate  IX,  Pig.  i.  The  objective-prism  plates  have  a 
greater  extension  in  each  direction,  biil  show  only  tiu-  features 
which    are    most    prominent    on    the    40-in(h    |)lales.     The    broad 
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iibsoriition  band  at  A  4700  is  well  shown  on  both,  and  the  objective- 
prism  plate  shows  the  fall  in  intensity  at  /  4300  and  the  extension 
of  the  spectrum  to  /  4227.  The  similarity  between  the  spectra  of 
Types  II  and  IV  is  thus  evident  in  these  bolder  features  as  well  as 
in  the  agreement  of  the  fme  metallic  lines. 

Fig.  2  of  Plate  IX  shows  a  series  of  objective-prism  spectra  of 
red  stars  of  Type  IV.  beginning  with  the  short  spectrum  of  ij2 
Schjellcriip  at  the  bottom,  and  ending  with  the  long  spectrum  of 
B.D.—  io°5057  at  the  top.  The  two  principal  points  to  be  noticed 
in  this  series  are:  tirst,  the  difference  in  the  relative  intensity  of  the 
light-action  on  each  side  of  the  dark  A  4700  band;  and  second, 
the  difference  in  the  length  of  the  spectra.  As  the  conditions  of 
plate,  exposure,  and  development  were  similar,  these  represent 
real  differences  in  the  stars.  Going  up  from  752  Schjellerup,  the 
light  on  the  red  side  of  A  4700  steadily  diminishes  in  intensity  as 
compared  with  the  light  on  the  \iolet  side  of  the  band.  The  upper 
spectrum.  B.D.—  io°^o^'j,  shows  the  Fraunhofer  H  and  K  lines 
and  extends  some  distance  beyond;  but  as  Fig.  4  showed  the 
spectrum  of  ig  Piscium  to  H  and  K.  it  is  probably  a  mere  question 
of  exposure  to  extend  the  other  spectra  to  this  region,  except 
perhaps  that  of  1^2  Schjellerup. 

The  upper  spectrum,  that  of  B.D.—  io°sos7-  requires  further 
mention,  since  the  negative,  even  more  than  the  engra\ing,  sug- 
gests a  composite  spectrum.  Mrs.  Fleming  seemed  to  have  the 
same  idea,  for  she  wrote:'  '"The  lines  in  the  spectrum  are  not  those 
due  to  hydrogen.  In  some  photographs  they  are  broad  bands, 
while  in  others  the  lines  appear  to  be  double."  Professor  Barnard 
kindly  examined  the  star  with  the  40-inch  telescope,  but  could 
detect  no  duplicity.  The  spectrum  resembles  the  solar  type,  with 
the  addition  of  the  dark  /  4700  band.  The  color-index,  given  in  the 
following  table,  is  1.09,  but  little  greater  than  that  of  an  ordinary 
solar  type  star. 

In  the  accompanying  table  of  spectra  and  color-indices,  the  stars 
are  arranged  in  order  of  the  values  of  the  color-index.  The  first 
column  gives  the  name  of  the  star,  the  second  the  B.D.  designation, 
the  third  and  fourth  the  place  for  iqcx),  the  fifth  the  B.D.  magnitude, 

'  Astronomische  Sachrkhtcti,  128,  122.  1891. 
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the  sixth  the  color  and  magnitude  from  the  Potsdam  Durchmus- 
terung.  The  spectral  classification  given  in  the  seventh  column  is 
usually  from  the  Harvard  lists,  given  as  N,  Na,  or  R.  For  the 
star  J  Schjellcrup  Duner's  classification,  IV  is  used.  The  color 
in  the  eighth  column,  when  expressed  by  one  figure  means  \\'er)deirs 
estimate  made  visually  with  the  15-inch  equatorial,  and  communi- 
cated in  Professor  Pickering's  letter.  When  a  decimal  place  is 
given,  the  estimate  is  Duner's,  taken  from  Kriiger's  Catalog  der 
farbigen  Sterne.  The  ninth  column  gives  the  color-index  in  mag- 
nitudes, as  obtained  by  methods  which  will  be  presently  explained. 
The  tenth  column  gives  the  number  of  plates,  R  standing  for  the 
24-inch  reflector  and  C  for  the  Zeiss  camera. 
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Star 


152  Schj.  . 
74Schj.  .. 

249a  Schj .  . 

19  Piscium 

280  Schj .  .  . 

318  Birm .  . 

3  Schj.  .  . 
U  Cygni.  . . 


R.n. 


R.A. 


Dec. 


-10  5057 
+85  332 
+  53  66 
-f-20  5071 
+38  2389 
— 16  5272 
+  6  38Q8 
-1-46  1817 
+  14  1283 
+  76  734 
+34  4500 
+  2  4709 
+S9  2810 
-1-68  617 
+36  3243 
+43  53 
+47  3077 


h  m 

19  13 
1944 

o  19 

22  o 
12  55 
19  13 
1837 
12  40 

6  20 

19  25 
2138 

23  41 
23  56 
1038 
1839 

o  15 

20  16 


+85 
+53 
+  20 

+38 
-16 

+  6 
'+45 
1  +  14 
1  +  76 

+35 

!+  2 
+59 
+67 
+36 
+44 
+47 


B.D. 
Mag. 


P.D. 
Col.  Mag. 


Spec- 
trum 


7.0 
9.2 
9  3 
8.7 
8.6 
6.8 
90 
5-5 
6.5 
6.5 
6.2 
6.2 
7.8 
6.1 
7.6 
8.2 
var 


GR-  5 .  24 
GR  6.26 
GR  6.24 
GR  6.13 
GR  5. 12 


RG  6.07 
RG-7.62 


8 

Color 


Color- 
Index 


R  pec 


R 
R 

N 
Na 


Na 
N 

Na 

Na 

Na 

N 

Na 

IV 

pec 


8.0 


6 

8.3 
5. 
9-3 


M 
1 .09 
1-56 
1.66 

1.82' 

1.94 
2.18 

2-37 
2.50 

2.54 
2.63 
2.74 
2.80 
2.88 
318 
3.26 
456 
5.60 


Plates 
R.  C. 


The  "color-index,"  the  difTcrcnce  between  the  photographic  and 
visual  magnitude,  was  determined  as  follows:  The  [)h<)tograi)hic 
magnitudes  were  found  from  Seed  27  and  .^o  i)hiles,  those  with  the 
reflector  being  taken  in  focus,  those  with  the  camera  being  extra- 
focal.  The  "visual"  magnitudes  were  found  with  Cramer  Tri- 
chromatic plates  taken  in  focus  behind  a  Wallace  "vi.sual 
luminosit\"  filter,  both  with   the  reflector  and   the  camera.      The 
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extra-focal  images  were  measured  with  the  Ilartmann  "Mikropho- 
tomcter"  anil  reduced  with  the  writer's  absolute  scale.  The 
diameters  of  the  focal-images  were  measured  under  the  microscope 
and  reduced  by  the  formula 

Mag.  =  a- 61  W. 

The  following  conclusions  can  be  drawn  from  the  Table: 

1.  The  three  stars  classed  as  having  spectrum  R  in  the  Harvard 
lists  have  the  smallest  values  of  the  color-index. 

2.  The  nine  stars  classed  X  and  Xa  have  colors  ranging  from 
1.94  to  3.26.  Among  these,  Wendell's  estimates  of  color  range 
from  I  to  6,  nearly  in  the  order  of  the  color-index. 

3.  Duner's  color  estimates,  8.0,  8.3,  and  9.3,  correspond  to 
color-indices  2.50,  3.18,  and  4.56;  a  decided  difTerence  in  the 
range. 

4.  The  star  ^.D.—  io°5057  stands  in  a  class  by  itself. 

5.  There  seems  to  be  no  sharp  dividing  line  between  Harvard 
Classes  R  and  X. 

6.  Except  the  first  two,  all  the  stars  in  the  list  are  as  red  or 

redder  than  a  Tauri  (for  which  E.  S.  King  gives  the  color-index 

1 .64),  so  that  the  expression  "Fourth-Type  Stars  not  Red"  seems 

inappropriate. 

Yerkes  Observatory 
Februarj'  191 2 


THE  PAIL\LLAX  OF  XOVA  LACERTAE  1910 
By  FREDERICK  SLOCUM 

Nova  Lacertae  was  discovered  by  Espin  December  30,  19 10.  The 
telegram  announcing  the  discovery  was  received  at  WilHams  Bay 
on  the  afternoon  of  December  31,  and  the  first  plate  for  the  investi- 
gation of  its  parallax  was  obtained  with  the  40-inch  telescope  soon 
after  6  o'clock  that  same  evening. 

The  longitude  of  the  star  was  91°  greater  than  that  of  the  sun  on 
that  date,  giving  practically  the  maximum  negative  value  for  its 
parallax  factor,  —0.98. 

Ten  plates  were  secured  as  shown  by  Table  I.  The  first  two 
were  taken  when  the  star  was  east  of  the  sun,  the  next  four  when  it 

TABLE  I 

Pl.\tes  of  Nova  Lacertae 

Taken  with  the  4o-In-ch  Refractor  of  the  Yerkes  Observatory 


No. 

Date 

Hour 
Angle 

Observers 

Quality  of 
Images 

Remarks 

■ten 

1910  Dec.  31 

1911  Jan.      7 
June  17 
Julv      I 
July     8 
Sept.  16 
Oct.    14 
Oct.    28 
Nov.  21 
Dec.     I 

+  2^8 

+  2.8 

—  2.0 

—  .6 

—  -5 

0 

—  .2 

—  -5 

—  .  I 

—  .  2 

SI,    SI 
SI,  SI,    SI 
Su,  SI 
Su 
Su,  SI 
SI,    Su 
SI,    Su 
Su,  SI 
SI,    SI 
SI,    SI 

Fair 

Good 

Good 

Fair 

Good 

Good 

Good 

Good 

Good 

Good 

Telescope  east 

760 

Telescope  east 

432 

4j8 

44<i 

408 

C7I 

C36 

548 

c6^ 

was  west  of  the  sun,  and  the  last  four  again  to  the  east.  The  third 
column  gives  the  hour  angle  of  the  star  at  the  time  the  plate  was 
exposed,  plus  indicating  west  of  the  meridian,  and  minus,  east. 
So  far  as  possible  all  observations  for  parallax  are  made  near  the 
meridian  with  the  telescope  west  of  the  pier.  Tn  the  case  ol  the 
first  two  plates  of  this  series,  taken  just  after  the  Nova  was  dis- 
covered, the  star  had  already  passed  the  meridian  by  the  time  the 
sky  was  dark  enough  to  allow  a  plate  to  be  exposed,  and  it  was 

•34 
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necessary  to  reverse  the  telescope  and  make  the  exposure  with  a 
rehitively  hirge  hour  angle,  2.8  hours. 

In  general  two  exposures  were  made  on  each  plate,  the  guiding 
iieing  done  by  the  observers  indicated  in  column  4:  Sl  =  Slocum, 
and  Su  =  Sullivan.  On  plate  Xo.  360  there  were  three  exposures 
and  on  No.  438  only  one. 

Six  comparison  stars  were  selected,  as  symmetrically  situated 
as  possible,  and  as  near  as  possible  to  the  mean  brightness  of  the 
Xova.     Table  II  gives  additional  data  pertaining  to  the  comparison 


TABLE  II 

CoMTARisoN  Stars 


Dependence 


stars.  The  second  column  gives  the  mean  diameter  of  the  star 
images  in  fractions  of  a  millimeter.  The  image  of  the  Xova 
diminished  from  0.37  mm  to  0.12  mm  in  the  eleven  months  of 
observation,  although  the  exposure  time  was  increased  from  5  to 
15  minutes  as  the  Xova  decreased  from  somewhat  brighter  than  the 
Stb  down  to  the  12th  magnitude. 

Columns  4  and  5  show  the  co-ordinates  of  the  comparison  stars, 
in  units  of  the  scale  of  the  measuring  machine,  referred  to  the  mean 
of  all.  Thus  in  longitude  four  are  below  and  two  above  the  mean, 
while  in  latitude  three  are  above  and  three  below.  The  last 
column  gives  what  Professor  Schlesinger  has  well  called  the  ''De- 
pendence" of  each  comparison  star.  The  figures  indicate  the 
relative  influence  of  each  star  upon  the  parallax  to  be  found. 

In  the  case  of  this  star  it  was  decided  to  measure  the  parallactic 
displacement  parallel  to  the  ecliptic  rather  than  that  parallel  to  the 
equator. 
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The  usual  method  of  reduction  was  followed.  One  plate  was 
selected  as  a  standard,  in  this  case  No.  446,  and  all  of  the  others 
referred  to  this  standard  by  a  linear  relation  of  the  form 

ax-\-by-\-c  =  x — x^. 

After  a  least  square  reduction  for  the  a,  b,  and  c  for  each  plate,  the 
residuals  for  the  parallax  star  were  found.  These  residuals  involve 
the  displacements  due  to  parallax  and  proper  motion  plus  a  con- 
stant.    Each  plate  then  gives  an  equation  of  the  form 

from  which  the  parallax  and  proper  motion  may  be  obtained. 


TABLE  III 
Reductions  for  Nova  Lacerlae 


Plate 

Solution 
(m) 

Weight 

(P) 

Longitude 

Parallax 

Factor  (P) 

R.A. 

Parallax 
Factor 

Time  in 
Days 

(0 

Residual 

Residual 
in  .^rc 

359 

360 

432 

438 

446 

498 

531 

536 

548 

563 

0.000 
+    .002 
+    .024 
+      047 
.000 
+    .036 
+    .046 
+    .036 
+    .001 
+     029 

0.8 

1-3 
1 .0 

•5 
1 .0 

I.O 
I.O 

1 .0 

I.O 
I.O 

—  0 

+ 
+  1 
+  1 
+ 

983 
978 
984 
016 
012 
299 
176 
405 
736 
838 

—  0 

+ 
+ 

765 
697 
889 
792 
727 
268 
648 
785 
911 
916 

-189 
-182 

—  21 

-  7 
0 

+   70 
+  98 
+  112 
+  136 
+  146 

0.000 

—  .001 

—  .001 

—  .022 
+    -025 

—  .009 

—  .019 

—  .009 
+    .026 

—  .001 

oTooo 

-  .003 

-  .003 

-  059 
+    .066 

-  .024 

-  .051 

-  .024 
+    .069 

-  .003 

Normal  Equations 

6.0527r-|-      .9160/X  — 1 .4093^  =  + .0081 

13  .  8942/x—  1 .  49go(:  =  +  .  1436 

+9.600  c=4-i975 

C=  +  .0200 
/X=  +  .0079=  -\-0'.'021 

^=  +  .0048     =t    .oo5i  =  +o:'oi3±o!'oi4 
Probable  error  corresponding  to  unit  weight,  ±  .0123=  ±0^033. 


In  Tabic  111,  column  2  gives  the  residual  for  the  Xova  of  each 
plate. 
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Column  3  gives  the  weight  depending  upon  the  number  of 
exposures  and  the  quality  of  the  images. 

Column  4  the  parallax  factors  in  longitude:  two  minus,  four  plus, 
and  four  minus. 

Just  for  comparison  the  parallax  factors  in  right  ascension  are 
given.  For  all  except  a  few  plates  these  run  smaller  than  the 
corresponding  factors  in  longitude. 

The  sixth  column  shows  the  time  in  days,  reckoned  backward 
and  forward  from  the  standard  plate  No.  446. 

From  these  values  ten  equations  are  formed  which  yield  the 
normal  equations  shown  in  Table  III.  The  value  of  c  is  of  no 
especial  interest;   /*  is  the  proper  motion  in  longitude  for  100  days. 

The  relative  parallax  comes  out  +o''oi3±o''oi4  with  a  prob- 
able error  from  one  plate  of  unit  weight  of  ±o!'o33.  According 
to  Kapteyn's  tabic  of  average  parallaxes,  that  of  the  comparison 
stars  may  be  taken  as  o!'oo5,  which  would  make  the  absolute 
parallax  of  the  Nova  +o!'oi8. 

The  above  parallax  is  less  accurate  than  might  be  expected  from 
a  normal  star  for  two  reasons:  first,  because  it  was  necessary  to 
take  the  first  two  plates  with  the  telescope  east;  second,  because 
the  Xova  diminished  four  magnitudes  during  the  eleven  months, 
thus  rendering  the  possibility  of  influence  from  guiding  error 
considerably  greater.  If  the  Nova  is  still  bright  enough,  additional 
plates  will  be  taken  next  summer,  and  a  new  reduction  made, 
omitting  the  first  two  plates  and  using  much  fainter  comparison 
stars. 

So  far  as  I  have  been  able  to  learn  parallax  determinations  of 
but  two  other  novae  have  been  made: 

For  Nova  Androjnedae  (1885)  Franz  found,  from  heliometer 
observations,  a  parallax  of  — o!'32  ±o''i2. 

Several  determinations  of  the  parallax  of  Nova  Persci  (1901) 
were  made: 

Hartwig  found +o!'i6  =to''o6 

Chase —  o:'oi2±o:'o35 

Greenwich  observers < o''i 

Bergstrand -|-o''o29=*=o''oo8 
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The  first  two  determinations  were  made  from  heliometer 
observations,  the  last  two  by  photography. 

Without  claiming  too  much  accuracy  for  my  result,  we  are  safe 
in  saying  that  the  parallax  of  Xova  Lacertae  is  exceedingly  small. 

If  the  value  given  above  were  correct,  it  would  mean  that  the 
outburst  observed  in  1910  really  occurred  180  years  ago. 

Verkes  Observatory 
January  10,  1912 


ON  THE  ORICxIX  OF  SELECTIVE  CONTINUOUS  ABSORP- 
TION OF  BAND  AND  SERIES  SPECTRA 

By  J.  KOENIGSHKRGER 

I  wish  here  to  enumerate  briefly  a  few  experiments  which  Mr. 
Kiipfer  and  I  have  previously  described  at  greater  length.  I  am 
indebted  to  the  Board  of  Trustees  of  the  Elizabeth  Thompson 
Science  Fund  of  Boston  for  their  assistance  in  these  experiments. 
A  great  number  of  elements  and  compounds  were  heated  in  very 
highly  evacuated  flasks  of  soft  and  hard  glass  or  of  quartz.  The 
absorption  of  the  vapor  was  then  examined.  A  good  Rowland 
grating  in  the  third  order  dispersed  the  transmitted  light,  making 
it  possible  to  see  what  substances  gave  a  band  spectrum  resolvable 
into  lines,  and  what  ones  a  selective  continuous  absorption.     For 

the  latter,  p  —  could  be  reckoned  by  the  formula  given  elsewhere, 

and  in  the  same  way  p  represents  the  number  of  the  vibrating  parts 

c 
of  the  molecule,  and  —  the  ratio  of  electricity  to  mass. 
m 

The  following  fact  was  then  observed:   all  colored  vapors  which 

possess  no  rev'ersible  chemical  dissociation,  i.e.,  a  steady  association 


Substance 

Absorption 

Chemical 
Dissociation 

Substance 

Absorption 

Chemical 
Dissociation 

Indigo  red 

Indigo  blue 

-Alizarine 

.Anthrachinon 

derivatives 

lodeosin 

Iron  chloride 

Chromium  chloride 

Tin  iodide 

Nickel  chloride .... 

Iodine 

S 
S 
S 

S 

S 
S 
S 
S 

B 
B 
B 
B 
B 

+ 
+ 
+ 
+ 
+ 

Iodine  trichloride.  . 

Selenium  chloride.. 

Arsenic  tri-iodide .  . 

Tellurium 

dichloride 

'  Tellurium 

1       diljromide 

Selenic  acid 

Manganese  super- 
chloride 

Chromium 

oxj'chloridc 

B 
B 
B 

B 

B 
B 

B 

B 

+ 

+ 
p 

+ 

+ 

? 

+ 
? 

Bromine.        

Chlorine  dioxide.  .  .          B 
Chlorine  monoxide.          B 

+ 

Chlorine 

+ 

Sulphur 

Selenium 

Nitrogen  dioxide..  . 

B 

+ 

5  =  Selective  continuous  absorption.  B  =  band  absorption.^  +=  reversible  chemical  dissociation 
either  at  the  temperature  of  the  experiment,  or  at  a  somewhat  higher  temperature.  ?  =  doubtful,  as  no 
observations  on  tlissociation  were  made. 
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and  dissociation,  give  a  continuous  selective  absorption.  All  sub- 
stances which,  on  the  other  hand,  have  band  spectrum  resolvable 
into  lines,  dissociate  chemically  either  at  a  temperature  at  which 
they  give  the  band  spectrum,  or  at  a  higher  temperature. 

The  metal  vapors  of  zinc,  cadmium,  tin,  arsenic,  lead,  mercury, 
and  thalhum  show  no  absorption  at  550°,  neither  continuous  nor 
discontinuous,  in  the  visible  spectrum.  The  metals  were  placed  in 
highly  evacuated  glass  flasks  entirely  free  from  gas,  and  the  flasks 
then  closed.  In  this  way  all  chemical  reaction  was  out  of  the 
question.  The  metalloids,  which,  like  sulphur,  selenium,  tellurium, 
are  all  polyatomic,  show  at  a  lower  temperature  a  continuous,  at 
a  higher  a  band,  absorption.  Chlorine,  bromine,  iodine  give  a  band 
spectrum  in  conjunction  with  a  continuous  selective  absorption. 

This  beha\'ior  of  compounds  and  the  metalloids  seems  to  prove 
the  dependence  of  the  band  absorption  upon  processes  which  effect 
chemical  dissociation,  either  with  dissociation  of  the  molecule  or 
with  its  reunion.  The  experiments  of  E.  J.  Evans^  on  bromine  and 
of  J.  I.  Graham^  on  sulphur  show  that  bromine  Br2,  as  well  as 
5*8  and  S2  in  these  cases  must  be  present  if  there  is  band  absorption. 

Therefore,  the  process  of  the  dissociation  of  Br2  into  2Br,  of  Ss 
into  4S2,  and  of  ^2  into  25,  or  the  union  of  2Br  into  Br 2,  as  of  452 
into  58  points  to  the  probability  of  vibrations  in  the  bands.  Which 
of  these  is  the  real  cause  we  cannot  at  present  say.  Below  we  note 
that  for  line  emission  of  the  series-spectrum  a  similar  hypothesis  is 
possible.  If  substances  show  a  band  spectrum  then  polyatomic 
molecules  must  be  present,  which  also  holds  for  metalloids.  We 
rather  think  that  sodium  vapor,  which,  as  R.  W.  Wood  has  shown, 
has  band  absorption,  is  not  strongly  monatomic  but  possesses  a 
complex  molecule  at  a  temperature  at  which  it  is  ionized.  Experi- 
ments on  the  mobility  of  the  ions  prove  also  the  existence  of  such 
complex  molecules,  which,  therefore,  depends  on  the  formation  of 
the  ions.  On  the  other  hand,  for  the  same  reason,  it  should  not  be 
possible  to  observe  a  band  spectrum  for  the  inert  gases. 

It  is  often  not  i)ossible  to  prove  chemical  dissociation  at  tem- 
peratures at  which  band  spectrum  occurs,  as  in  the  case  of  bromine 

'  Aslrophysical  Journal,  32,  291,  1910. 
'  Proc.  Roy.  Soc,  A,  84,  31 1,  19 10. 
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and  iodine;  l)ut  the  band  spectrum  is  weaker,  the  higher  the  tem- 
jXTature  of  the  chemical  dissociation.  Then  the  process  of  dis- 
sociation and  reimion  taices  place  probably  in  immediate  succession 
without  the  atoms  Br  or  /  existing  as  such  free  for  any  appreciable 
length  of  time.  On  the  other  hand,  if  the  gas  has  become  mona- 
tomic,  a  band  spectrum  is  cither  not  visible  or  only  v^ery  seldom. 
The  band  spectrum  which  benzol,  ammonia  vapor,  etc.,  shows  in  the 
ultra-xiolet,  would  have  its  cause  in  the  rupture  and  the  reunion  of 
one  or  more  chemical  bonds.  What  bonds  these  may  be,  is  a 
chemical  question,  and  one  which  the  author  cannot  answer. 

The  band  absorption  occurs  on  the  boundaries  of  the  continuous 
selective  absorption  and  indeed  chiefly  on  the  side  of  the  greater 
wave-lengths.  The  greater  the  density  so  much  the  more  is  the 
intensity  of  the  band  absorption  attenuated  and  shifted,  because 
the  continuous  absorption  is  increased.  The  cause  of  this  is  not 
due  to  the  darkness  caused  by  the  absorption,  which  would  pre- 
vent the  band  absorption  from  being  seen,  for  we  can  prove  that 
there  is  no  band  absorption  if  we  diminish  the  thickness  of  the 
vapor  layer  and  increase  the  density.  On  the  other  hand,  by 
diminution  of  the  density  the  continuous  absorption  becomes 
weakened  and  compressed.  Therefore,  if  we  Avish  to  have  a  suffi- 
ciently intense  band  absorption,  we  must  increase  the  density  of 
the  vapor  layer;  in  this  case  the  band  absorption  takes  up  the 
greater  part  of  the  spectrum.  Band  spectrum  occurs  by  the  rupture 
of  those  chemical  bonds  which  give  also  continuous  selective 
absorption.  Whether  the  influence  of  the  density  on  the  band 
spectrum  depends  on  the  exterior  coHisions'  or  on  a  change  of  the 
dissociation  process,  it  is  not  now  possible  to  say.  It  appears  as 
if  the  conditions  in  which  the  band  spectrum  is  absorbed  and 
emitted  remain  relatively  longer  in  the  case  of  smaller  density. 

Gases  which  dissociate  with  dilHculty,  as  nitrogen  and  oxygen, 
show  a  band  spectrum  at  a  correspondingly  higher  temperature. 

The  continuous  selective  absorption  in  the  visible  part  of  the 

■  The  strong  clamping  of  vibration  which  produces  the  continuous  selective 
absorption  is  not  caused  by  collision  with  other  gaseous  molecules.  We  could  prove 
this  by  observations  on  the  vajwrs  of  undissociated  colored  substances.  In  these 
substances  the  damping  of  vibrations  is  quite  independent  of  the  density,  for  it  remains 
the  same  if  the  density  is  i/ioooo  of  the  original. 
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spectrum  results  only  through  vibrating  electrons  so  far  as  it  has 
been  possible  to  calculate.  Continuous  selective  absorption  is  due  to 
the  normal  state  of  gas  molecules;  the  band  spectrum  absorption  and 
emission  only  to  an  intermediary  non-stationary  condition. 

The  series  spectra  appear  on  the  other  hand  to  have  an  entirely 
different  cause,  viz.,  electric  dissociation  or  ionization.  We  con- 
clude that  this  is  so  from  the  follo^\'ing  observations  on  canal  rays 
when  we  take  the  hydrogen  atom  as  the  simplest  example. 

The  canal  rays  emit  light,  as  we  have  further  found,  only  when 
they  come  into  a  space  filled  \\'ith  gas;  in  high  vacuum  (i .  lo"^  mm) 
no  light  can  be  seen,  and,  indeed,  is  so  much  the  weaker,  the  higher 
the  vacuum.  Hence  the  light-emission  is  brought  about  by  a 
process  between  the  mo\'ing  canal-ray  particles  and  the  gaseous 
molecules  which  are  at  rest.  As  W.  Wien  and  J.  J.  Thomson  have 
found,  the  canal  rays  change  their  charge  and  become  absorbed. 
We  have  found  that  the  change  of  charge  gives  no  appreciable  loss 
of  velocity.  The  absorption  is  brought  about  through  a  diminu- 
tion of  the  number  of  the  canal-ray  particles  by  diffusion  and  total 
or  partial  stopping.  Emitted  light  which  shows  the  Doppler  effect, 
as  discovered  by  J.  Stark,  cannot  result  from  particles  at  rest,  or 
partially  stopped,  but  only  from  those  mo\'ing  in  the  direction  of 
the  canal  rays  with  the  original  velocity.  Hence  the  emission  of 
light  can  occur  not  by  absorption  but  only  by  the  change  of  charge. 
This  change  of  charge  is  of  two  kinds:  (i)  neutralization  of  the 
positive  part  by  attraction  of  an  electron,  (2)  dissociation  of  the 
neutral  part  into  positive,  by  giv'ing  up  of  an  electron. 

It  is  evident  that  by  magnetic  deviation  only  the  neutral  ray 
emits  light.  The  positive  will  not  emit  light  so  long  as  it  becomes 
neutral  again,  through  a  partial  change  of  charge.  The  experiment 
succeeds  best  at  a  pressure  of  about  5 .  io~^  to  4.  io~*  mm.  At  a 
greater  pressure  the  change  of  charge  takes  place  too  quickly,  and 
the  positive  ray  becomes  neutral  too  quickly;  on  the  other  hand, 
at  a  smaller  pressure  the  change  of  charge  occurs  too  seldom  and 
the  light  emission  is  too  weak.  Hence  the  dissociation  of  neutral 
into  positive  causes  the  light  emission.  The  positive  ion  in  statu 
nascendi  emits  light  in  the  visible  part  of  the  series  spectrum. 
This  opinion  agrees  to  a  certain  extent  with  that  of  J.  Stark. 
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The  distance.  /,  on  which  the  newly  formed  ion  emits  light  and 
therefore  the  length  of  time  of  the  light  emission  is  very  short; 
/,  according  to  our  observations,  is  smaller  than  0.5  cm,  therefore 

/  _ 

/=-2.5io   '°sec.     But  this  time  corresponds  to  a  large  number  of 

wave-lengths.  We  cannot  say  whether  the  emission  is  stopped  after 
this  time  or  whether  the  condition  ceases  in  which  the  series 
spectrum  is  emitted  and  absorbed.  The  number  of  canal-ray 
particles  is  so  small  that  an  absorption  of  the  light  through  them 
cannot  be  proved,  as  W.  Wien  has  shown.  The  change  of  charge 
from  positive  to  neutral  brings  about  no  light  emission,  as  the 
experiments  show. 

Freiburg  ix  Baden 
Januarj'  16,  191 2 


Minor  Contributions  and  Notes 


THE  ASTRONOMICAL  AND  ASTROFHYSICAL  SOCIETY 

The  thirteenth  meeting  of  the  Astronomical  and  Astrophysical 
Society  of  America  was  held  in  the  auditorium  of  the  Carnegie 
Institution  of  Washington  on  December  27,  28,  and  29,  191 1,  in 
connection  wdth  the  meeting  of  the  American  Association  for  the 
Advancement  of  Science.  There  were  four  sessions  of  the  Society, 
presided  over  by  Professor  E.  C.  Pickering,  president.  Sixty-four 
members  of  the  Society  were  in  attendance.  The  program  included 
the  follo\nng  papers: 

E.  W.  Bro\\-n:   "A  Device  for  Facilitating  \'arious  Forms  of  Computation." 
H.  S.  Davis:  "The  Asironomischer  Jahresbericht;  an  Announcement." 

H.  S.  Davis:  "The  Lesson  of  Joseph  Piazzi's  Life." 

Joel  Stebbins:   "The  X'ariability  of  Polaris.'''' 

J.  A.  Parkhurst:   "Magnitudes,  Colors  and  Spectra  of  Standard  Stars  within 

Seventeen  Degrees  of  the  North  Pole"  (Lantern). 
J.  G.  Porter:    "A  Comparison  of  Doctor  Peters'  Celestial  Charts  with  the 

Photographic  Charts  of  the  Sky." 
G.  H.  Peters:   "The  New  Twin  Photographic  Telescope  of  the  United  States 

Xaval  Observatory"  (Lantern). 
Miss  S.  F.  Whiting:  "The  Use  of  Special  Topics  in  Teaching  Astronomy." 
J.  C.  Duncan:  "The  Orbit  of  the  Spectroscopic  Binary'  /?  Scorpii.'" 
Frederick  Slocum:    "The  Dissolution  of  Solar  Prominences"  (Lantern). 
Frederick  Slocum:   "The  ParaUax  of  Nova  Laccrkic  (1910)." 
W.  J.  Humphreys:  "A  Simple  Pyrheliometer." 

F.  \V.  \'ery:  "TheA'iolle  .\ctinometer  as  an  Instrument  of  Precision." 
Miss  .\.  J.  Cannon:   "The  Revised  Draper  Catalogue." 

H.  X.  Russell:  "Notes  on  the  Calcuhition  of  the  Elements  of  Algol  Variables." 

H.  N.  Russell:   "The  Eclipsing  Variables,  \V  Ccntauri  and  W  L'rsac  Majoris." 

J.  S.  Plaskett:  "The  Solar  Rotation"  (Lantern). 

F.  E.  Ross:   "The  Moon's  Mean  Parallax." 

Eric  Doolittle:   "The  Secular  \ariations  of  the  Elements  of  tlu'  Orhils  of  the 
Four  Inner  Planets." 

C.  F.  Talman  (introduced  by  W  .  J.  Humphreys):   "The  Language  of  Meteor- 
ology." 

144 
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F.  II.  Loud:   ''May  Astronomy  Derive  Any  Henehl  from  the  Dissemination  of 

Esperanto?" 
W.  S.  Kichell)erger  and  H.  R.  Morgan:  "On  the  Flexure  of  a  Meridian  Circle." 
E.  S.  King:  "'Tests  with  Standard  Electric  Lamps." 
J.  A.  Brashear:    "Recent  Interviews  with  Optical  Glass  Manufacturers  of 

France  and  Germany." 
E.  E.  Barnard:  ''Some  Observations  with  the  60-Inch  Reflecting  Telescope  of 

the  Mt.  Wilson  Solar  Obscrvator>'"  (Lantern). 

E.  E.  Barnard:    "Photographic  Observations  of  Brooks'   Comet  of   1911" 

(Lantern). 

F.  B.  Littell:    "Personal  Equation  Apparatus  of  the  g-inch  Transit  Circle  of 

the  Xaval  Observatory'." 
Asaph  Hall:   "Observations  of  the  Satellites  of  Uranus  and  Neptune  Made  at 

the  Naval  Observatory,  1908-1910." 
W.  S.  Eichelberger:  "Paris  Conference  of  October,  1911." 
Zaccheus  Daniel  and  F.  Schlesinger:   "The  Spectrum  and  Orbit  of  P  Scorpii.'" 

Reports  were  presented  by  the  Committees  on  Comets  and  on 
Photographic  Astrometry,  and  from  the  Committee  on  Co-operation 
in  the  Teaching  of  Astronomy. 

A  new  Committee  on  Asteroids  was  formed,  consisting  of  E.  W. 
Brown,  J.  H.  Metcalf,  G.  H.  Peters,  and  A.  O.  Leuschner. 

There  were  also  two  sessions  of  Section  A  of  the  American  Asso- 
ciation, presided  over  by  Edwin  B.  Frost,  vice-president  of  the 
Section.  At  these  sessions  were  presented  the  address  of  the  retir- 
ing xice-president  of  the  section.  Professor  E.  H.  Moore,  "On  the 
Foundations  of  the  Theory  of  Linear  Integral  Equations";  and 
papers  by  Lewis  Boss  on  "Recent  Researches  as  to  the  Systematic 
Motions  of  the  Stars,"  and  by  J.  H.  Metcalf  on  "The  Asteroid 
Problem." 

The  next  meeting  of  the  Astronomical  and  Astrophysical  Society 
will  be  held  at  the  Allegheny  Observat<jry  in  the  coming  summer. 

F. 


Reviews 

The  Sun.  By  Charles  G.  Abbot.  New  York  and  London: 
D.  Appleton  &  Co.,  191 1.  8vo,  pp.  xxv+448,  with  26  plates, 
72  illustrations  in  the  text,  and  34  tables,     $2.50. 

This  is  the  fourth  book  on  the  sun  that  has  appeared  within  the  past 
fifteen  months,  the  other  three  being  Les  theories  modernes  dti  soleil,  by 
J.  Bosler,  Vorlesungen  fiber  die  Physik  der  Sonne,  by  E.  Pringsheim,  and 
Stratonoff's  The  Sun,  printed  in  Russian. 

This  new  book  by  Abbot  is  the  first  on  this  subject  to  be  printed  in 
EngUsh  since  the  last  edition  of  The  Sun  by  Young  in  1895.  For  fifteen 
years  Young's  book  was  the  authority  upon  all  matters  pertaining  to  the 
sun.  That  interval  was  marked  by  great  progress  in  solar  investigation 
and  revised  editions  of  the  book  appeared  at  short  intervals.  Since 
1895  there  has  been  an  even  greater  advance.  As  Abbot  says  in  his 
preface: 

Within  the  last  fifteen  years  we  have  seen  the  publication  of  Rowland's 
great  table  of  solar  spectrum  wave-lengths,  the  estabhshment  of  the  Yerkes, 
Kodaikanal,  Mount  Wilson,  and  other  observatories  largely  devoted  to  solar 
researches,  the  photography  of  the  spectrum  of  the  corona  and  of  the  chromo- 
sphere at  total  solar  eclipses,  Hale's  brilliant  discovery  of  magnetic  fields  in 
sun-spots,  the  determination  of  the  rotation  periods  of  the  sun  at  different 
levels,  as  well  as  at  all  solar  latitudes,  Langlej's  bolometric  investigations  of 
the  sun's  infra-red  spectrum,  and  the  recent  Smithsonian  determinations  of  the 
absolute  intensity  of  the  solar  radiation  outside  our  atmosphere.  The  great 
interest  in  such  researches  has  been  marked  by  the  establishment  of  the  Inter- 
national Solar  Union,  and  its  enthusiastic  gatherings  of  the  foremost  investi- 
gators from  all  lands. 

The  time  seems  ripe  for  collecting  the  splendid  array  of  new  solar  knowl- 
edge which  such  unprecedented  activity  has  produced,  and  for  discussing  the 
probable  nature  of  the  sun  in  the  light  gained. 

Young's  book  is  now  out  of  ])rint  and  it  is  the  intention  of  the  author 
that  this  book  shall  take  its  place.  In  fact,  some  of  the  illustrations  and 
text  of  Young's  book  have  been  incorporated  into  the  [)resent  volume, 
issued  by  the  same  publishers. 

An  idea  of  the  general  scoj)e  of  the  work  may  be  obtained  from  the 
chapter  headings:  i, ''The  Solar  System";  ii,  "Instruments  and  Methods 
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Used  in  Solar  Investigation";  iii,  "The  Photosphere";  iv,  "Eclipses 
and  the  Outer  Solar  Envelopes";  v,  "Sun-Spots,  Faculae,  and  Granula- 
tion"; vi,  "What  Is  the  Sun?"  vii,  "The  Sun  as  the  Earth's  Source  of 
Heat";  viii,  "The  Sun's  Influence  on  Plant  Life";  ix,  "Utilizing  Solar 
Energ}-";   x,  "The  Sun  among  the  Stars." 

As  will  be  seen,  the  sun  is  considered  in  three  aspects:  first,  as  the 
controlling  member  of  the  solar  system;  second,  as  a  star,  interesting 
in  itself,  and  typical  of  a  large  class  of  stars;  third,  as  the  source  of  light 
and  heat,  and  through  them  of  life  on  the  earth. 

Thus  a  wide  field  is  covered.  In  addition  to  the  matter  pertaining 
directly  to  the  sun  and  to  astrophysics,  many  facts  and  theories  are  given 
which  ^^^ll  prove  of  interest  to  the  meteorologist,  geologist,  botanist,  and 
engineer.  And  even  the  student  of  household  economics  will  find  here 
something  of  interest  in  the  section  on  solar  cooking  appliances. 

To  attempt  to  cover  such  a  wide  field  in  a  single  volume  of  this  size 
is  rather  a  bold  undertaking,  but  ^Ir.  Abbot  has,  in  general,  succeeded 
in  treating  each  subject  simply,  clearly,  and  concisely.  A  few  exceptions 
may  be  noted.  Fig.  58  on  p.  260  and  the  accompanying  explanation 
are,  to  me,  obscure.  Again,  on  p.  53,  the  reason  for  inserting  a  prism 
into  a  plane  grating  spectroscope  is  not  made  clear.  On  p.  121,  referring 
to  solar  prominences,  we  read:  "And  now  the  spectroheliograph  has 
enabled  us  to  recognize  them  frequently  as  dark  hydrogen  flocculi  on  the 
disk  itself.     A  view  of  the  sun  through  the  //a  (C)  line  is  best  adapted 

for  this  purpose "    The  fact  that  the  prominences  can,  with 

sufficiently  high  dispersion,  be  equally  well  shown  as  dark  calcium 
flocculi  seems  here  to  be  ignored. 

In  the  chapter  entitled  "What  Is  the  Sun  ?"  are  given  outlines  of  the 
\iews  of  Young,  Halm,  Schmidt,  Julius,  and  Abbot.  These  views  con- 
tain the  most  recent  theories  of  the  causes  of  solar  phenomena,  so  far  as 
such  theories  can  be  stated  in  simple,  non-mathematical  language. 

The  strongest  parts  of  the  book  are  naturally  those  dealing  with 
bolometr\',  pyrheliometry,  and  the  theories  of  radiation — subjects  to 
which  Mr.  Abbot  has  for  years  devoted  special  study.  But  in  trying  to 
do  full  justice  to  these  subjects  he  has  been  forced  to  treat  others  somewhat 
stiefmuttcrlich,  as  a  German  might  say.  For  example,  we  find  numerous 
figures  of  pyrheliometers  but  no  illustration  of  a  spectroheliograph. 
And  the  same  set  of  bolographs  is  given  on  p.  83  and  on  p.  292. 

The  illustrations  are,  with  one  or  two  exceptions,  very  good.  I  am 
glad  to  see  Langley's  drawing  of  the  sun-spot  of  1873  used  as  ?  frontis- 
piece.    During  the  past  thirty  years  this  picture  has  been  reproduced  in 


148  REVIEWS 

scores  of  astronomical  books,  and  I  trust  that  it  will  continue  to  be 
reproduced,  at  least  until  someone  makes  a  better  one.  Photography- 
has  done  wonders  for  the  advancement  of  solar  research,  as  is  well  shown 
by  the  many  reproductions  of  photographs  in  this  book,  but  it  has  not 
as  yet  superseded  direct  visual  observations  for  the  delineation  of  the 
details  of  sun-spots.  Careful  and  persistent  visual  study  of  sun-spots 
is  as  important  today  as  it  ever  was.  This  drawing  should  be  a  per- 
petual source  of  inspiration  to  amateurs  and  visual  observers  of  the  sun. 

The  book  as  a  whole  will  be  a  welcome  addition  to  the  literature  of 
the  subject,  and  it  is  to  be  hoped  that  the  author  will  follow  Young's 
example  and  try  to  keep  it  up  to  date  by  new  editions  whenever  neces- 
sary. The  rapidity  of  the  progress  in  this  field  is  shown  by  the  fact  that 
some  of  the  material  in  the  book  has  already  been  superseded  by  results 
based  upon  later  and  better  observations.  This  is  true  in  regard  to 
Table  IX,  p.  126,  and  Table  XXXIV,  p.  430. 

The  addition  of  many  more  references  to  original  sources  would,  in 
my  opinion,  greatly  increase  the  value  of  the  book. 

Frederick  S  locum 


Cours  d' astronomic,  Premiere  partie:  Astronomic  thcorique. 
Deuxieme  edition  entierement  refondue.  Par  H.  Axdoyer. 
Paris:  A.  Hermann,  191 1.     Pp.  375,  with  83  figures.     Fr.  12. 

The  revised  edition  of  the  first  volume  of  M.  Andoyer's  work  follows 
the  plan  of  the  first  edition,  which  was  re\-iewed  four  years  ago  in  this 
Journal  (25,  288,  1907).  Ev^en  to  a  larger  extent  than  in  the  first  edi- 
tion, all  the  theoretical  discussions  are  based -ujion  a  small  number  of 
fundamental  theories,  which  are  completely  devcloi)ed.  Thus  we  find  in 
chap,  i  an  excellent  development  of  spherical  trigonometry  and  in  chap, 
iii  a  very  full  discussion  of  change  of  co-ordinates.  The  work  now 
possesses,  both  in  its  composition  and  also  in  its  printing,  the  scholarly 
finish  and  excellence  which  are  characteristic  of  French  scientific  books. 

F.    R.    MOULTON 
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THE  SPECTROSCOPIC  DETERMINATION  OF  AQUEOUS 

VAPOR' 
By  F.  E.  FOWLE 

The  purpose  of  this  research  is  to  make  possible  the  determina- 
tion of  the  amount  of  aqueous  vapor  present  in  the  atmosphere  by 
the  observation  of  the  absorption  at  certain  wave-lengths  produced 
by  this  vapor  in  the  spectra  of  bodies  observed  through  it.  This 
requires  the  nothig  in  the  laboratory  of  the  absorption  resulting 
at  these  wave-lengths  from  known  amounts  of  water  vapor  at  as 
nearly  as  possible  the  same  conditions  as  to  pressure,  density,  and 
temperature  that  exist  in  the  atmosphere. 

ABSORPTION   BANDS 

The  water-vapor  bands  in  the  infra-red  spectrum  known  as 
4>  (X=  1 .  13  Ai)  and  ^V'  (^=  i .  47  A*-)  have  been  chosen  for  this  purpose. 
Fig.  la  shows  the  bottom  of  4>,  Fig.  2a,  "^  with  '^'  as  these  bands 
appear  in  the  solar  energy-spectrum.  Fig.  3  shows  these  same 
bands  as  well  as  H  and  the  band  at  about  2.25/*,  also  due  to  water 
vapor,  as  they  appear  in  the  energ>'-spectrum  of  a  Nernst  glower 
when  observed  through  vapor  corresponding  to  o.  loi  cm  pre- 
cipitable  water. ^     The  form  of  these  bands  dci)ends  not  only  on  the 

'  Published  by  permission  of  the  Secretarj'  of  the  Smithsonian  Institution. 

'  In  this  discussion  the  amount  of  absorbing  vapor  will  be  stated,  for  brevity,  as 
so  much  precipitable  water,  meaning  the  depth  of  water  which,  if  evaporated  into  a 
column  of  the  same  section,  would  produce  the  absorbing  layer  of  vapor.  This  should 
not  be  construed  as  meaning  that  the  liquid  water  produces  the  same  amount  of 
absorption  as  the  corresponding  vapor. 
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amount  of  aqueous  vapor  absorption  but  also  on  the  purity  of  the 
spectrum  as  influenced  by  the  widths  of  the  slit  and  of  the  bolome- 
ter and  the  character  of  the  spectroscope.     A  line  has  been  drawn 


Fig.  I. — Energy-cur\-es  of  bottom  of 
water- vapor  band  *. 


Fig.  2, — Energ^'-curves  of  SI'  with  *' 


0'      8'      16'    24' 
I 1 1 I 


T 
shi/tter 


Fio.  3. — Energy-spectrum  through  water  vapor  of  Xcrnsl  glower 


over  the  tops  of  the  large  bands  as  indicated  in  Figs.  2  and  3,  and 
the  transmissibility  of  radiation  taken  as  the  ratio  of  the  ordinates 
of  the  energy-curve  at  the  chosen  places  to  the  ordinates  of  this 
line  directly  above.     Since  slight  absorption  due  to  aqueous  vapor 
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ni;iy  exist  in  tlu'  spectrum  on  cither  side  of  the  Ijands  ^^  and  M', 

this  ratio  may  not  give  exactly  the  true 
transmissibility.  But  the  error,  if  any. 
should  afTect  the  laboratory  work  and  its 
applications  in  the  same  sense  and.  there- 
fore, should  be  almost  wholly  eliminated 
in  the  applications  of  this  method. 


APP.\RATUS   AND   METHOD 
OBSERVING 


OF 


was 


Light  from  the  source  A^,  composed  of 
Nernst  lamps,  passed  through  the  tube  T, 
containing  water  vapor,  to  the  concave 
mirror  Afi,  51  cm  in  diameter  and  42.7 
meters  focus,  thence,  coUimated.  to  the 
flat  mirror  M2.  76  cm  in  diameter,  back 
to  Mi,  and  then  to  focus  on  the  slit  of 
the  spectroscope  at  S.  Sometimes,  before 
entering  the  spectroscope,  the  beam  was 
returned  over  the  course  through  the  water 
vapor  by  the  two  flats  F^  F^  beside  the  slit. 
The  first  arrangement  gave  a  path  through 
the  water  vapor  in  the  tube  of  about  117 
meters,  to  which  must  be  added  the  path 
through  the  spectroscope,  giving  a  total 
path  of  128.5  meters;  the  corresponding 
value  for  the  second  case  was  245 . 5  meters 
(806  feet).  This  long  path  greatly  reduced 
the  intensity  of  the  lamp's  image  at  the 
slit  of  the  spectroscope.  There  also  resulted 
a  serious  vibration  of  this  image  due  to 
the  consequent  magnification  of  the  small 
tremors  of  the  mirrors.  These  two  causes 
went  far  to  limit  the  accuracy  attainable 
^^  in  the  observations. 

The  lamp  used  as  a  source  of  radiation 
composed  of  two  layers  of  Xernst  alternating-current,  i  lo-volt 
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lamps,  four  glowers  wide,  five  long.  The  rear  layer  was  so  adjusted 
as  to  shine  through  the  interstices  of  the  front  layer,  presenting  a 
glowing  surface  about  qo  by  5  mm.  These  glowers  were  placed  in 
the  rear  of  a  rectangular  cdivity,  100  by  10  mm,  and  40  nmi  deep, 
cut  into  a  block  of  soapstone. 

The  spectroscope  was  supplied  with  a  60°  prism  of  flint  glass 
described  in  the  first  volume  of  the  Annals  of  this  Observatory, 
p.  45.  The  bolometer  was  o .  i  mm  wide,  1 2  mm  tall,  and  subtended 
27"  (about  0.006/*  in  the  region  of  the  spectrum  under  study). 
The  sht  was  from  0.5  to  2  mm  in  width  by  100  mm  in  height, 
subtending  from  20"  to  78".  The  other  details  of  the  spectroscope 
may  be  learned  from  Fig.  4.  The  galvanometer  had  a  time  of 
single  swing  of  about  3  seconds.  Its  indications  were  recorded  on 
a  moving  photographic  plate  as  described  in  the  above  A  nnals.  p.  58. 

The  large  galvanized-iron  tube  for  the  water  vapor  was  open  at 
its  ends,  double-walled,  and  covered  with  a  canvas  tent  to  protect 
it  from  rapid  temperature  changes.  A  rotary  blower  served  to 
stir  the  vapor  within  the  tube  and  free  it  from  stratification  just  before 
an  observ^ation.  It  was  not  feasible  to  run  the  blower  during  an 
observation  because  of  the  tremors  communicated  to  the  mirrors 
and  to  the  galvanometer.  Steam  could  be  forced  in  by  the  blower 
to  increase  the  amount  of  aqueous  vapor,  but  most  of  the  measures 
were  taken  with  the  amount  of  vapor  normally  present  in  the  tube. 
All  the  measures  were  at  atmospheric  pressure. 

ME.\SUREMENT   OF    THE    QUANTITY   OF   AQUEOUS   VAPOR 

The  amount  of  aqueous  vapor  was  determined  by  wet  and  dry 
thermometers  at  the  spectroscope,  at  the  mirror  shelters  and  at 
several  places  in  the  tube.  These  were  read  while  the  air  was 
stirred  by  the  fan.  Check  determinations  were  made  several  times 
by  Mr.  L.  B.  Aldrich,  who  absorbed  in  tubes  of  calcium  chloride 
and  phosphorus  pentoxide  the  water  vapor  from  known  volumes 
of  air  taken  from  the  tube.  The  following  table  gives  the  water 
per  cubic  meter  as  measured  by  the  two  methods: 


By  Wet  and  Dry  Thermometers 

Absorbed  by  CaCU  and  PjOt 

3.25  grams  per  cu.  m 
3.82     "          "       " 
7.96     '•          "       " 

3 .  29  grams  per  cu.  m 
3.8s     "          "       " 
8.76     "          "       " 
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*  The  folIo\\in<i  shows  u  dclcrminatiun  of  the  amount  of  water 

vapor  in  the  hirge  tube  just  preceding  and  just  after  an  observation 
on  the  transmissibiUty  of  radiation  through  the  water  vapor: 


August  II.  191 

i:    Barometer  763  mm 

Dry: 
Wet: 

34°6 
26.1 

37U 
27s 

36?4S 
26.8 

35-65  c. 

26.6 

lib  45" 

Grams  per  cu. 
serv'ation    .  . 

m  before  ob- 

195 

20.7 

19.8 

19.8 

Mean  20  0 

Dr>': 
Wet: 

35^8 
26.55 

38^85 
2775 

38?  I 
2745 

37?i5C. 
26.85 

12''  30" 

Grams  per  cu 
servation .  .  . 

m  after  ob- 

19.7 

20.3 

20.6 

195 

Alean  20.0 

CORRECTIONS    FOR    THE    WIDTHS    OF   THE    SLIT   AND    BOLOMETER 

Perhaps  the  greatest  obstacle  to  the  use  of  the  spectroscope  for 
the  quantitative  determination  of  vapor  producing  an  absorption 
line  or  band  lies  in  the  allowance  for  the  purity  of  the  spectrum. 
The  greater  the  purity,  the  greater  generally  is  the  observed  absorp- 
tion at  the  bottom  of  a  band.  With  the  spectroscope  used  here 
the  resolving  power,  as  dependent  upon  the  optical  system,  is  such 
that  in  the  region  of  the  spectrum  studied,  two  lines  separated  by 
about  3"  (0.0007  At,  60°  flint-glass  prism)  may  be  resolved.  The 
bolometer  subtends  an  angle  of  27"  (0.0046/*  at  ^,  0.0062  /*  at  ^); 
at  the  same  places  in  the  spectrum,  the  slit,  from  20"  to  78" 
(0.0034  At  to  0.0134  At  at  ^,  0.0046  to  0.0179  at  ^).  The  limiting 
angle  of  resolution  of  the  prism,  3",  is  therefore  negligible  in  the 
following  discussion  compared  with  the  sum  of  the  angles  subtended 
in  the  spectrum  by  the  slit  and  bolometer,  47"  to  105".  In  the 
spectroscope  used  for  solar-constant  observations  at  Mount  Wilson 
the  bolometer-plus-the-sHt  subtended  about  92"  (0.022/*  at  both 
4>  and  ^ ,  60°  ultra-violet  glass  prism). 

In  spectro-bolometric  researches  energy-curves  are  obtained  with 
a  bolometer  and  slit  of  finite  widths  and  an  attempt  is  generally 
made  to  correct  the  form  of  the  observed  curves  to  represent  the 
distribution  of  energy  which  would  have  been  obtained  had  the 
bolometer  and  slit  been  indefinitely  narrow.  Professor  Runge  has 
published  a  method   for  obtaining  such  corrections."     Although 

'  Zeilschrifl  fiir  Muthemalik  mid  P/iysik,  42,  205,  1897. 
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some  improvement  in  the  observations  is  thus  made,  evidently 
no  mathematical  process  can  replace  high  purity  for  revealing 
spectrum  details.  Fortunately  in  the  present  research  a  more 
satisfactory  expedient  is  available.  It  is  desired  to  reduce  the  ob- 
servations made  with  the  water  vapor  in  the  tube,  not  to  a  grade  of 
purity  corresponding  to  zero  slit  and  bolometer,  but  to  a  grade 
of  purity  corresponding  to  that  of  some  other  spectroscope.  This 
Observatory  has  published'  the  form  of  the  bands  ^  and  ^  (Figs,  i 
and  2  of  this  article)  as  determined  with  apparatus  far  better  as 
regards  purity  than  the  apparatus  in  use  for  the  present  research. 
By  measuring  areas  included  under  those  old  curves  between 
ordinates  separated  by  any  chosen  spectrum  intervals,  the  ordinates 
which  would  have  been  obsers'ed  with  a  spectroscope  in  which  the 
slit  and  bolometer  combined  would  cover  the  corresponding  spec- 
trum interval  could  be  determined.  In  this  way  the  old  curv^es 
with  high  purity  have  been  transformed  to  the  conditions  of  the 
apparatus  prevailing  during  the  tube  work  at  Washington  or  dur- 
ing the  solar-constant  work  at  Mount  Wilson.  From  the  results 
of  such  transformations  it  is  possible  to  reduce  the  measures  of  the 
present  research  and  of  the  ]Mount  Wilson  work  to  any  desired 
condition  of  purity  short  of  those  which  prevailed  in  the  old  work 
pubhshed  in  Vol.  I  of  the  Annals. 

Curves  computed  for  various  degrees  of  purity  as  just  described 
are  indicated  by  the  dotted  lines  in  Figs,  i  and  2.  For  instance,  in 
curve  h.  Fig.  i,  the  slit  plus  the  bolometer  covered  a  region  in  the 
spectrum  of  0.013  /*,  curve  c,  0.025  /x.  It  is  interesting  to  note  the 
peculiar  positions  of  the  minima  in  curve  h  as  compared  with  those 
of  curve  a. 

These  corrections  for  the  finite  widths  of  the  slit  and  bolometer 
are  a  function  of  the  amount  of  absorption  as  well  of  the  purity  of 
the  spectrum.  To  determine  this  second  effect,  a  new  curve  {b, 
Fig.  2)  was  determined  from  curve  a  of  the  same  figure  using  the 
formula'  dyi^d^a^,  where  d^  is  the  deflection  observed  through  an 
amount  of  water  vapor  w;  d^  that  with  no  vapor,  and  a  the  trans- 
missibility  with  unit  thickness  of  vapor.  For  the  computed  curve 
w  was  taken  as  equal  to  \  w  of  the  observed  curve.     Tiy  such  means 

'  Annals,  Vol.  I,  Plates  XX,  XXI  A  and  B. 

*  Smilhsntiiaii  \fiscrllattcotis  Collections,  47,  i,  1004. 
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a  series  of  corrections  was  olitained  as  known  functions  of  the 
purity  and  of  the  observed  coefficients  of  transmission. 

OBSERVATIONS 

The  accompanying  table  contains  the  observations  on  the  trans- 
missibility  through  water  vapor  of  the  radiations  of  the  wave- 
lengths 1.13  {^)  and  1 .47  M  (^')- 


Date 

Barom- 

Temper- 
ature OF 
Vapor 

C 

Slit- 
Width 

MM 

Log.  op  Tra.vsmission 
Observed*           CoRRECtEot 

Water  J 
Vapor 

CM 

Obser- 

UM 

I.I3M 

i^47>* 

l.tJH- 

I.47M 

Sept.     2/09.. 
Aug.  24,  '09. . 
Aug.  21,  '11.. 
Aug.  25,  '09.. 
Sept.    2,  '(39.. 
May  13,  '11.. 
Aug.  21,  '11.. 
Aug.  20,  '09.. 
Aug.  24.  'c39. . 
Aug.  25.  '09.. 
Aug.    9. '11.. 
Aug.  10,  '11.. 

764 
766 
767 

764 
767 

757 
766 

762 
764 

764 

765 
761 
767 

24° 

29 

29 

31 

28 

32 
32 
35 
33 
35 
36 
36 

35 

38 
29 
30 
29 
31 
31 
38 
38 
40 
35 
32 
27 
38 
38 
38 
34 
32 
33 
35 
36 
39 

(I) 

0.5 
I.O 

(l) 
2.0 

0.5 

1.0 
2.0 
I  .0 
0.5 

0-5 
1.0 

05 
2.0 
1.0 
1.0 
1.0 
1.0 

0.5 
1.0 

0-5 
05 
2.0 
2.0 
1.0 
1.0 

1-5 
2.0 
2.0 
1.0 
2.0 

1-5 
1.0 

IS 

0.977 

•974 
•90s 
•897 
.876 

•855" 

■855' 
.828 

•854 
.806 
.869 
.848 
.808 
■799 
•  834 
.807 
.824 

•797 
.804 
.807 
.840 
.826 
.781 
.699 
.840 
.800 
•784 
•779 
.778 
•755 
.740 
•730 

0.984 

■983 
.966? 

0.979 

0.985 

■983 
.970? 
■972 
.917 

■931? 
913? 
•895 
.884 
•899 

.873§ 

0.013 

015 
.016 
.020 
.101 
.128 
•132 
.165 
.171 
.192 
.209 
.210 

.970 
.910 

•923? 
.01  ^  ? 

■977 
.914 

903 
.891 

2,  2 
I,  2 

■895 
■875 
.901 

•853 
.870 

•857 
.862 

.869 
';866§ 

2,   2 

3,3 

Aug.  24,  '11.. 

•  852 

.871 

■233 

2,  2 

May  13,  '11.. 
Aug.  19,  '11.. 
Aug.  21,  '11.. 

.896 

•  838 
.820 

•  88s 
.826 

•  834 
■852 

•  805 
.866 
.866 

•  825 

•  838 
•774 
•795 
.840 

•793 
.811 

•839 

•774 
•787 
.784 

•  857 

•82s, 

•837§ 

.894 
•  849 
■85i§ 

.244 
■  249 
•259 

4,4 

•62 

-61 

■65 
■61 
J64 

766 
760 
762 

Aug.  II,  '11.. 

■  824§ 

•849§ 

.262 

3-3 

3Iay  12,  '11.. 
July   29,  '11.. 
Aug.  19,  '11.. 
Aug.  10,  '11.. 

•849 
•  836 
.800 
.8io§ 

.863 
.822 
.848 
.807 

•275 
•369 
•370 
•392 

2,2 
3,3 
3^3 

Aug.  24,  '11.. 
May  19,  '11.. 
Aug.  II,  '11.. 

•795 
.798 
■789 
■772 

•789 
.824 
•  836 
.791 

•398 
.422 
•438 
492 

3,3 
2,  2 

■  748 

.791 

540 

*  Logarithm  of  the  percentage  radiation  transmitted,  as  observed  with  the  slit  indicated  in  the  table. 

tSame  corrected  to  the  spectroscope  in  use  at  Mount  Wilson  for  solar <onstant  determinations; 
slit  +  bolometer  covers  0.022  m  in  the  spectrum  at  i  .13  and  i  .47  »i. 

t  Depth  of  water  layer  which,  if  evaporated  into  column  of  the  same  section,  would  produce  the 
amount  of  absorbing  vapor. 

§  Weighted  mean. 
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Figs.  5  and  6  give  graphical  representations  of  these  results 
for  4>  and  ^'  reduced  to  spectroscopic  conditions  where  the  slit 
plus  the  bolometer  covers  a  region  o .  022  m  in  the  spectrum.  These 
are  approximately  the  conditions  fulfilled  by  the  spectroscope  in 
use  at  Mount  Wilson  during  1910  for  solar-constant  determinations. 


Fig.  5. — .'\bscissae,  precipitable  water;   ordinates,  logarithm  of  transmissibility 
of  radiation  at  4>  (i .  13  m). 


The  ordinates  are  the  logarithms  of  the  percentage  transmissibility 
of  radiation  at  1.13/*  and  1.47/*,  respectively,  the  abscissae,  the 
corresponding  quantities  in  centimeters  of  precipitable  water. 
Besides  the  separate  observations  there  are  indicated  on  the  plot 
by  stars  the  mean  results  of  all  the  determinations  reduced  by 
groups. 
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EXTENSIONS    OF    THE    RESULTS    FOR    GREATER    AMOUNTS    OF    WATER 

VAPOR 

The  tube  experiments  just  described  extend  over  a  range  of 
precipitable  water  up  to  0.5  cm.  According  to  Humphreys'  the 
precipitable  water  in  the  path  of  a  beam  from  the  zenith  to  sea- 


FiG.  6. — Abscissae,  precipitable  water;   ordinates,  logarithm  of  transmissibility 
of  radiation  at  4"  (i  .47  ^i). 


level  may  often  reach  i  .5  cm.  It  was  not  feasible  to  extend  the 
tube  experiments  directly  to  such  quantities;  but  from  the  Mount 
Wilson  holographs  taken  at  high  and  low  sun  the  curves  of  Figs. 
5  and  6  may  be  extended,  provided  days  may  be  found  when  the 
aqueous  vapor  in  the  air  remained  nearly  constant  for  two  or  three 

'  Bulletin  of  the  Mount  Weather  Observatory,  4.  121,  igii. 
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hours.  For  the  relative  lengths  of  the  paths  passed  through  by 
the  radiation  from  the  sun  may  be  computed,  being  proportional 
to  the  secant  of  the  zenith  distance  of  the  sun ;  then  if  the  absolute 
amounts  of  the  water  vapor  traversed  during  the  high-sim  observa- 
tions are  found  by  means  of  Fig.  5  or  6,  the  corresponding  amounts 
of  vapor  in  the  path  of  the  lower-sun  observations  may  be  deter- 
mined.' If  the  earlier  portion  of  the  line  determined  by  means  of 
these  solar  observations  coincides  with  the  line  from  the  tube  work 
we  may  feel  considerable  certainty  that  the  portion  beyond  fur- 
nishes a  reasonable  extrapolation.  Having  extended  the  curve  one 
step,  the  new  portion  may  be  used  likewise  for  still  further  exten- 
sion. It  is  worth  noting  that  on  the  days  chosen  by  the  criterion 
that  the  earlier  portion  of  the  plotted  observations  should  agree  in 
curvature  with  the  tube  work,  the  readings  of  the  wet  and  dry 
thermometers  at  the  top  of  the  mountain  indicated  a  greater 
constancy  of  vapor-pressure  than  usual. 

As  a  result  of  such  extensions  Fig.  7  was  obtained.  The 
full  curve  represents  the  data  for  ^V ,  the  dotted  line,  for  ^. 
The  ordinates  are  the  logarithms  of  the  percentage  transmission  of 
radiation  at  ^  and  '^',  respectively,  the  abscissae,  the  correspond- 
ing precipitable  water.  There  are  also  given  on  this  diagram  the 
corrections  necessary  to  reduce  the  curve  for  ^  to  various  other 
spectroscopic  conditions,  namely:  where  the  slit  plus  the  bolometer 
covers  0.025,  0.020,  0.015,  and  o.oio  /"■  in  the  sj^ectrum.  On  this 
subsidiary  plot  the  abscissae  correspond  to  the  ordinates  of  the 

•  For  example,  the  following  data  on  the  transmission  at  4'  were  obtained  from 
observations  at  Mount  Wilson: 


Secant  zenith  distance  .  . 
Logarithm  transmission. 


z.oo 
0.824 


I -SO 
0.783 


3.00 
0.740 


3.00 
0.670 


3. SO 
0.636 


The  first  two  of  these  transmissions  lie  within  the  range  of  Fig.  6  and  give  for  the 
corresjHjnding  amounts  of  vapor:  0.386  cm  precipitable  water  and  0.547  cm.  The 
latter  figure  is  for  a  path  i  .50  times  as  long  as  for  the  first  and  reduced  to  the  same 
|>ath,  gives  0.365;  the  mean  of  0.386  and  0.365  is  0.375;  multiplying  this  mean  by 
the  relative  paths  as  given  in  line  one  of  this  note  we  have  for  extending  the  curve: 


AmtMint  prc<:l|>ital>lc  vnpor . 
Logarithm  transmiaMon.  . . . 


o.'l7S 
0.824 


0.562 
0.783 


0.750 
0.740 


X.I3S 

0.670 


1 .312cm 
0.636 
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larger  plot  (log.  transmission),  the  ordinate's,  the  amount  by  which 
the  curve  must  be  lowered  (raised  for  0.025  m).  Iri  other  words, 
the  ordinates  arc  the  logarithmic  percentage  corrections  plotted 
on  the  same  scale  as  used  for  the  logarithms  of  j^rincipal  line. 

The  laboratory  observations  on  the  transmissibility  at  4>  and 
^^\  as  given  in  columns  5  and  6  of  the  table,  probably  have  nearly 
equal  weight.  When  they  are  reduced  to  the  conditions  of  the 
Mount  Wilson  spectroscope  the  figures  for  the  latter  have  con- 
siderably the  greater  weight.  At  ^'  the  spectroscopic  conditions 
in  the  laboratory  and  at  Mount  Wilson  were  nearly  identical  as  to 
purity,  and  the  correction  was  therefore  small.  For  <I>,  however, 
since  the  dispersion  in  this  region  is  considerably  smaller  in  the 
Mount  Wilson  spectroscope,  the  corresponding  correction  is  much 
larger  and,  because  of  the  shape  of  the  band,  is  more  doubtful. 

VARI.ATIOX    OF    THE   ABSORPTION   WITH   PRESSURE 

It  may  be  objected  that  the  laboratory  work  has  all  been  done 
at  atmospheric  pressure  w'hile  some  of  the  vapor  of  the  atmosphere 
is  under  somewhat  reduced  pressures.  Unfortunately  the  varia- 
tion of  the  transmission  with  the  pressure  has  not  been  determined 
for  the  bands  employed  here.  But  ]\Iiss  Eva  von  Bahr'  gives  for 
the  water-vapor  band  at  2 .  7  ft  the  following  values  for  the  absorp- 
tion of  a  constant  amount  of  aqueous  vapor  under  varying  pressures: 


105  mm 

23s 

370 


4 . 6  per  cent 

7.2 
8.6 


405  mm 

570 

755 


8 .  s  per  cent 
10.6 
12.0 


The  increase  in  pressure  was  produced  by  dry  air  which  exer- 
cises practically  no  absorption  at  this  place.  Miss  von  Bahr  found 
that  the  absorption  due  to  a  vapor  depended  to  a  great  degree  upon 
the  total  pressure  exerted  upon  it,  not  upon  its  own  partial  pressure. 
She  also  states  that  the  ''absorption  as  dependent  upon  the  total 
pressure  is  in  general,  for  the  same  gas,  the  same  in  the  different 
bands." 

'  Ueber  die  Einwirkung  dcs  Druckes  auf  die  Absorption  ullrarolcr  Strahlung  durch 
Case,  p.  68,  Upsala,  1908. 
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It  may  therefore  give  a  fair  estimate  of  the  magnitude  of  this 
pressure  effect  in  the  region  of  ^  and  ^'  to  use  these  observations 
made  at  2  .  7  /-t.  Using  the  distribution  of  aqueous  vapor  at  differ- 
ent altitudes  as  given  by  Humphreys  {op.  cit.),  a  vertical  column 
of  air  which  would  give  a  transmission  of  88  per  cent,  with  the 
pressure  uniform  throughout  at  760  mm,  would  give,  with  a  dis- 
tribution of  pressures  such  as  actually  exists  in  the  atmosphere, 
according  to  the  measures  of  Miss  von  Bahr,  90  per  cent  in  summer, 
89  in  winter.  With  the  distribution  of  vapor  above  Mount  Wilson, 
the  transmission  comes  out  90  per  cent  for  both  summer  and  winter. 
This  computation  indicates  that  it  would  take  a  sUghtly  greater 
amount  of  vapor  to  produce  an  absorption  noted  in  the  spectrum 
of  a  celestial  body  than  the  curves  of  Fig.  7  would  show.  If  the 
observations  are  made  at  the  surface  of  the  earth,  the  difference 
would  be  I  or  2  per  cent  and  about  3  per  cent  if  made  at  Mount 
Wilson. 

Before  concluding  the  writer  wishes  to  express  his  gratitude  to 
Mr.  Abbot  for  his  criticisms  and  suggestions  while  preparing  this 
"natter  for  nu   I'cation. 

SUMMARY 

By  laboracory  experiments  on  the  transmissibility  of  radiation 
through  long  columns  of  air  containing  known  amounts  of  water 
vapor  the  dependence  of  transmission  on  the  water-vapor  content 
has  been  determined  for  the  infra-red  bands  ^  and  ^'.  The  direct 
determinations  cover  quantities  of  water  vapor  up  to  a  depth  of 
0.5  centimeters  of  precipitablc  water.  Beyond  this  the  determi- 
nations have  been  extended  by  aid  of  solar  observations  made  on 
Mount  Wilson.  This  extension  does  not  require  assumptions  as 
to  the  actual  quantities  of  water  vapor  in  the  solar  beam,  but  only 
as  to  the  relative  quantities  as  ffxcd  by  the  length  of  path  of  the 
beam.  As  the  purity  of  the  spectrum  enters  into  the  results  it  has 
been  necessary  to  determine  the  dependence  of  transniission  on 
water  vajjor  for  different  values  of  combined  slit-  and  bolometer- 
width.  While  the  experiments  have  been  made  only  at  atmos- 
pheric pressure,  a  computation  is  given  which  shows  that  the 
results  are  probably  applicable  with  slight  correction  to  the  actual 
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pressures  at  which  water  vapor  occurs  in  the  atmosphere.  Accord- 
ingly, a  method  has  been  estabhshed  by  means  of  which  the  total 
quantity  of  water  vapor  between  the  observer  and  the  sun  may  be 
easily  determined  by  spectro-bolometric  observations.  It  is  pro- 
posed in  subsequent  papers  to  give  applications  of  the  method. 

.\strophysical  observatory 

Smithsonian'  Institution' 

February'  191 2 


THE  THREE-PRISM  STELLAR  SPECTROGRAPH  OF  THE 
MOUNT  WILSON  SOLAR  OBSER\'ATORY' 

By  WALTER  S.  ADAMS 

The  original  design  of  the  6o-inch  reflector  provided  for  the  use 
of  three  stellar  spectrographs  in  connection  with  the  three  principal 
mirror  combinations.  The  first  of  these  to  be  completed  was  the 
powerful  spectrograph  of  5.5m  focal  length  used  with  the  coude 
combination  of  telescope  mirrors  at  the  equivalent  focus  of  45 . 7  m. 
This  instrument  was  employed  for  the  investigation  of  the  spectra 
of  some  of  the  brighter  stars  under  high  dispersion.^  In  the  fol- 
lowing year  a  small  low-dispersion  spectrograph  was  constructed 
for  use  at  the  primary  focus  of  the  large  mirror.  On  account  of 
the  presence  of  the  Newtonian  plane  mirror  it  was  necessary  to 
mount  this  spectrograph  on  the  side  of  the  tube  of  the  telescope 
and  to  introduce  an  auxiliary  reflection  between  the  slit  and  the 
coUimating  lens.  The  instrument  proved  extremely  efiicient  for 
quaUtative  work  upon  the  spectra  of  faint  stars,  and  the  radial 
velocity  results  obtained  with  it  were  so  promising  as  to  warrant 
the  construction  of  an  instrument  of  similar  type  mounted  directly 
in  the  axis  of  the  telescope.  In  this  way  the  loss  of  light  at  two 
reflecting  surfaces  is  avoided  and  much  greater  mechanical  stability 
is  insured.  This  spectrograph  is  now  nearing  completion  in  the 
Observatory  instrument  shops. 

Intermediate  between  these  two  spectrographs,  one  of  very  high 
and  the  other  of  low  dispersion,  is  the  three-prism  spectrograph 
mounted  at  the  lower  end  of  the  telescope  tube  and  employed  with 
the  Cassegrain  combination  of  mirrors.  At  this  point  the  equiva- 
lent focal  length  of  the  telescope  is  24.4  m,  or  the  ratio  of  aperture 
to  focal  length  is  i  to  16.  This  is  much  the  same  ratio  as  that  of 
most  of  the  large  refracting  telescopes  used  for  spectrographic 
work,  and  accordingly  the  dimensions  of  the  optical  system  in  the 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  59. 
'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  50;    Aslrophysical 
Journal,  33,  64-71,  191 1. 
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spectrograph  are  similar  to  those  of  some  of  the  larger  stellar  spec- 
trographs employed  in  radial  velocity  determinations.  The  instru- 
ment was  built  by  William  Gaertner  &  Co.  of  Chicago  in  accordance 
u-ith  designs  provided  by  the  observatory,  and  has  been  in  regular 
use  on  Mount  Wilson  during  the  past  year. 

The  very  massive  character  of  the  telescope  mounting  and  the 
proximity  of  the  spectrograph  to  the  center  of  rotation  of  the 
telescope  made  the  consideration  of  its  weight  of  less  importance 
than  is  usually  the  case.  Accordingly  the  main  frame  of  the 
instrument  consists  of  a  single  hea\'ily  ribbed  iron  casting.  The 
base  of  the  casting  is  rectangular  in  shape  and  about  84X61  cm  in 
size.  It  is  accurately  surfaced  and  is  attached  directly  to  a  planed 
flange  upon  the  frame  of  the  telescope  by  means  of  a  number  of 
strong  studs.  The  slit  of  the  spectrograph  is  behind  the  face  of 
the  casting  and  so  is  well  protected  from  possible  injury  during  the 
process  of  changing  of  instruments.  The  opening  in  the  telescope 
frame  through  which  the  light  passes  from  the  diagonal  plane 
mirror  is  about  33  cm  in  diameter,  being  made  sufficiently  large  to 
pro\nde  for  direct  photography  at  this  point.  The  corresponding 
aperture  in  the  spectrograph  casting  opposite  the  slit  is  about  15  cm 
square. 

At  right  angles  to  this  base  and  forming  a  part  of  the  same 
casting  is  the  large  plate  which  constitutes  the  frame  of  the  spec- 
trograph. It  is  about  three-quarters  of  an  inch  in  thickness  and 
is  planed  over  a  large  portion  of  its  surface.  Fastened  directly  to 
this  plate  are  the  prisms  and  the  tubes  carrying  the  collimating 
and  camera  lenses.  The  plate  is  about  140  cm  long  and  tapers 
slightly  from  its  base  toward  the  prism  box. 

The  focal  length  of  the  collimating  lens  was  determined  by  two 
considerations:  first,  the  size  of  the  prisms  available  for  use;  and 
second,  in  a  less  degree,  by  the  fact  that  a  very  long  instrument 
would  j)revent  observations  of  the  region  of  the  sky  near  the  pole 
on  account  of  striking  the  floor  of  the  dome.  The  difficulty  of 
securing  optical  glass  of  a  quality  suitable  for  prisms  of  consider- 
able size  is  very  great  at  the  present  time,  as  is  fully  recognized  by 
most  sj)ectroscopists.  Fortunately,  in  the  case  of  this  spectrograph, 
prisms  of  good  quality  were  known  to  be  available.     At  the  time 
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at  which  the  five-foot  spectroheHojjjrajih  was  (lesijjjned  four  prisms 
210  mm  high  and  with  faces  125  mm  wide  were  ordered  from  Jena. 
Three  of  these  i)ro\cd  to  be  of  excellent  (juah'ty.  They  are  of 
glass  Xo.  O.  102,  with  an  angle  of  63°  29',  which  provides  for  a 
deviation  of  180°  at  7/7  when  three  prisms  are  employed.  Since 
only  two  prisms  are  required  for  the  work  of  the  spectroheliograph 
the  third  i)rism  became  available  for  the  stellar  spectrograph. 
Acct)rdingly  it  was  cut  in  our  optical  shop  into  three  prisms,  each 
67  mm  high  and  with  faces  the  same,  of  course,  as  those  of  the 
original  prism;  that  is,  125  mm  in  width.  A  prism  with  faces  of 
this  size  would  utilize  a  beam  59  mm  in  width  at  minimum  devia- 
tion for  7/7.  In  view  of  the.se  considerations  a  diameter  of  64  mm 
(2 . 5  inches)  was  fixed  upon  for  the  aperture  of  the  collimating  lens, 
which  with  a  ratio  of  i  to  16  gives  a  focal  length  of  102  cm  (40 
inches).  When  more  than  one  prism  is  employed  there  is  an 
appreciable  loss  of  light  for  wave-lengths  other  than  that  at  mini- 
mum deviation  on  account  of  the  spread  of  the  beam,  but  as  the 
spectrograph  was  designed  largely  for  work  with  one  prism  it 
seemed  desirable  to  retain  the  large  aperture.  The  collimating 
lens  is  a  cemented  triplet  corrected  for  the  777  region,  made  by  the 
J.  A.  Brashear  Co..  and  has  proved  very  satisfactory  in  use. 

Two  camera  lenses  have  been  employed  with  the  spectrograph. 
The  longer  one  of  these  is  an  uncemented  triplet  by  Brashear  of 
88  mm  aperture  and  102  cm  focal  length.  The  other  is  a  Cooke 
lens  of  the  "Astro-photographic"  tv-pe  with  an  ajierture  of  102  mm 
and  a  focal  length  of  46  cm.  Both  lenses  give  excellent  detinition, 
and  the  latter,  on  account  of  the  transparency  and  the  thinness  of 
its  components,  has  proved  exceptionally  efficient  photographically. 
For  all  work  with  a  single  prism  the  longer  camera  has  been  used, 
while  with  two  prisms  the  shorter  camera  has  usually  been  found 
sufficient. 

An  important  advantage  possessed  by  the  form  of  construction 
adopted  in  the  spectrograph  is  that  of  adaptability  for  dilTerent 
regions  of  the  spectrum.  The  prisms  are  mounted  in  cast-iron 
cells  which  rest  upon  three  legs.  These  pass  through  slotted 
openings  in  the  main  plate  of  the  spectrograph  and  are  clamped 
rigidly  with  nuts  upon  the  other  side  of  the  plate.     The  slotted 
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openings  arc  provided  with  scales  and  the  prism  mounting  has 
upon  it  an  index  by  which  they  may  be  read.  The  scale-readings 
for  each  prism  were  determined  when  the  three  prisms  were  origi- 
nally adjusted  for  minimum  deviation  at  a  definite  wave-length, 
and  in  case  it  is  desired  to  set  the  prisms  for  any  other  wave-length, 
changes  are  made  in  the  scale-readings  corresponding  to  the  differ- 
ence of  de\'iation.  Similarly  the  camera  is  mounted  on  a  heavy 
iron  plate  which  swings  through  an  angle  corresponding  to  that  of 
the  third  prism,  and  is  clamped  in  position  by  powerful  bolts. 
This  simple  arrangement  has  proved  most  satisfactory  in  use. 

The  great  length  of  the  camera  regularly  employed  with  the 
single-prism  arrangement  and  the  difficulty  of  supporting  it  with 
sufficient  rigidity  led  to  the  interposition  of  a  mirror  between  the 
prism  and  the  camera  lens.  In  this  way  the  camera  may  be  left 
in  the  same  position  as  that  used  when  three  prisms  are  employed. 
The  objections  to  this  proceeding  are:  first,  the  loss  of  light  by 
reflection  at  the  mirror;  and,  second,  the  difficulty  of  supporting 
the  mirror  with  sufficient  stability.  The  first  objection  is  not  very 
serious,  since  the  mirror  is  entirely  inclosed,  and  the  silver  coat 
deteriorates  very  slowly  and  may  be  kept  in  excellent  condition. 
Under  these  conditions  the  reflecting  power  for  the  region  of  the 
spectrum  usually  photographed  is  not  far  from  90  per  cent.  The 
second  objection  is  met  by  making  the  mirror  exceptionally  thick 
and  holding  it  in  a  strong  cell  in  much  the  same  way  as  a  diffraction 
grating  is  sui)ported.  The  photographs  obtained  with  the  spec- 
trograph have  shown  no  impairment  as  regards  definition  or  accu- 
racy of  results  since  the  mirror  was  employed.  When  two  prisms 
are  used  the  mirror  cell  is  moved  toward  the  camera  lens  along  a 
slide  provided  with  a  graduated  scale  and  is  clamped  in  position. 

For  comparison  spectrum  purposes  the  iron  arc  is  used.  The 
arc  lamp  is  fastened  to  the  outside  of  the  spectrograph  case.  The 
light  passes  through  a  mica  window  and  falls  upon  a  lens  which 
renders  it  roughly  parallrl.  This  throws  it  upon  a  piece  of  opal 
glass  which  thoroughly  ditTuses  it,  and  an  image  of  this  glass  is 
thrown  upon  the  slit  by  a  second  lens.  The  glass,  accordingly, 
serves  as  the  efTective  source  of  illumination  for  the  spectrograj)h. 
A  totally  reflecting  prism,  which  is  movt-d  in  front  of  the  slit  by  a 
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handle  on  the  outside  of  the  spectrograph,  serves  to  reflect  the 
light  into  the  instrument.  An  occulting  screen  with  small  openings 
through  which  the  light  from  the  star  or  from  the  arc  may  fall  upon 
the  slit  also  is  controlled  by  a  rod  projecting  from  the  side  of  the 
spectrogra]>h. 

The  entire  spectrograph  is  inclosed  in  a  wooden  case,  the  walls 
around  the  prism-box  being  of  double  construction.  For  purposes 
of  automatic  temperature  control  the  convenient  device  first 
employed  by  Professor  Campbell  has  been  adopted,  a  pair  of 
Draper  thermostat  strips  with  platinum  contacts  acting  through 
a  relay  to  throw  the  heating  current  on  and  otT.  The  heating  coils 
are  placed  outside  of  the  first  wall  of  the  prism-box  and  are  dis- 
tributed as  symmetrically  as  possible  about  it.  A  small  fan  placed 
inside  of  the  outer  cover  serves  to  distribute  the  air  around  the 
outside  of  the  prism-box  and  prevents  stratification.  When  the 
instrument  is  under  temperature  control,  readings  of  a  thermometer 
placed  inside  the  prism-box  indicate  ranges  of  temperature  rarely 
greater  than  0°.  i  to  0°.  2  C.  throughout  an  entire  night. 

For  guiding  purposes  we  have  used  the  customary  device  of  a 
reflecting  slit,  the  jaws  being  inclined  at  an  angle  of  about  2?5  to 
the  normal.  The  reflected  light  is  first  collimated  by  a  small  lens 
and  then  reflected  by  diagonal  prisms  through  a  long  tube  to  a 
point  beneath  the  spectrograph  where  it  is  observed  through  a 
telescope.  The  arrangement  is  very  similar  to  that  employed  by 
Professor  Frost  on  the  Bruce  spectrograph.  A  finder  of  4  m  focal 
length  attached  to  the  tube  of  the  large  reflector  is  used  to  bring 
the  star  within  the  field  of  view.  The  observer  keeps  the  star  upon 
the  slit  by  means  of  slow-motion  motors  controlled  by  switch 
buttons  arranged  upon  a  fiber  bar  held  in  his  hand.  Similar 
buttons  control  a  motor  at  the  upper  end  of  the  telescope  tube 
which  moves  the  convex  mirror  inward  or  outward  and  thus  enables 
the  observer  to  correct  for  changes  of  focus  during  the  night.  If 
the  large  mirror  has  been  protected  throughout  the  day  by  the 
canopy,  as  is  regularly  the  case,  these  changes  are  rarely  of  large 
amount  unless  there  is  a  marked  change  of  temperature  during  the 
night. 

This  brief  description  of  the  general  features  of  the  spectrograph 
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is  perhaps  sufficient  to  give  a  satisfactory  conception  of  the  instru- 
ment as  a  whole.  Plate  X  shows  the  spectrograph  attached  to  the 
6o-inch  reflector.  A  part  of  the  outer  cover  has  been  removed  as 
well  as  both  covers  to  the  prism-box,  so  that  the  arrangement  of 
the  prisms  and  of  the  camera  and  collimating  tubes  is  well  shown. 
The  tube  through  which  the  light  reflected  from  the  slit  is  observed 
is  seen  beneath  the  spectrograph  in  the  lower  right-hand  corner 
of  the  photograph. 

PROGRAM   OF    WORK    AND   EXPOSURE    TIMES 

A  large  part  of  the  time  of  the  spectrograph  during  the  year  it 
has  been  in  operation  has  been  devoted  to  a  determination  of  the 
radial  velocities  of  some  selected  lists  of  stars,  mainly  of  types  A 
and  B,  whose  proper  motions  have  been  measured  by  Boss  and 
whose  velocities  are  of  especial  importance  in  studies  of  star  streams. 
The  lists  have  been  prepared  by  Professor  Kapteyn  and  consist  of 
stars  which  for  the  most  part  lie  between  magnitudes  5  .  5  and  6.5/ 
although  a  few  are  brighter.  The  experience  of  numerous  observers 
of  stellar  spectra  has  shown  that  by  far  the  greater  number  of  stars 
with  spectra  of  types  A  or  B  can  be  studied  to  better  advantage 
with  moderate  dispersion  and  linear  scale  than  with  high  dispersion, 
on  account  of  the  diff'use  and  broad  character  of  their  lines.  Some 
experiments  with  our  spectrograph  showed  that  an  optical  system 
consisting  of  two  prisms  and  the  46  cm  camera,  or  a  single  prism 
and  the  102  cm  camera,  gave  the  most  satisfactory  results  for  the 
majority  of  the  stars.  Both  combinations  have  been  used  and  as 
between  the  two  it  is  largely  a  question  of  the  type  of  spectrum  and 
conditions  of  seeing.  For  stars  with  numerous  lines  in  their 
spectra  the  greater  resolving  power  of  the  two-])rism  arrangement 
is  preferable.  For  stars  with  few  lines,  however,  the  single  jirism 
is  adequate,  and  the  greater  width  of  spectrum  obtained  with  the 
long  camera  is  an  important  advantage.  In  fact,  under  good  con- 
ditions of  seeing  the  time  occui)it'(l  in  running  the  star's  image 
along  the  slit  suflicienlly  to  obtain  a  mcasural)k'  width  of  spectrum 

•  The  maKTiiUidcs  used  in  this  arlitic  arc  those  nivcn  in  the  "  Prehminary  General 
CataloRuc  of  6i«8  Stars  for  the  Kpoch  iqcxj,"  by  Lewis  Boss,  Carnegie  Iiislilulion  of 
Wdshingloit  I'lihlifdiion  So.  115.  A  comparison  of  these  magnitudes  with  those  of 
the  Potsflam  and  the  Harvard  Photometry  is  given  in  the  "Catalogue." 
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is  a  considerable  ilrawhack  to  the  use  of  the  short  camera.  The 
linear  scale  at  7/7  of  the  photographs  obtained  with  the  two  arrange- 
ments is  as  follows: 

Two  prisms  and  short  camera,  i  mm=  18  o  Angstroms 
One  prism  and  long  camera,  i  mm=  15.7  Angstroms 
The  three  prisms  and  long  camera  as  used  for  the  spectra  of  the 
brighter  stars  give  a  linear  scale  at  7/7  of  i  mm  =  5.  2  Angstroms. 
The  exposure  times  with  the  spectrograph  vary  widely,  of  course, 
with  the  conditions  of  seeing.  Under  good  conditions,  when  the 
silver  surfaces  of  the  telescope  are  bright,  a  fully  timed  negative  of 
a  star  of  type  A  or  B  of  magnitude  6.0  on  Boss's  system  may  be 
obtained  in  one  hour,  when  one  prism  and  the  long  camera  are 
employed.  The  exposure  times  with  two  prisms  and  the  shorter 
camera  are  slightly  less.  Under  average  conditions  the  exposure 
times  are  somewhat  longer,  and  under  the  poorest  conditions  of 
the  winter  season  may  be  several  times  as  long.  Usually  an  expo- 
sure about  one-fourth  longer  is  given  to  stars  of  txpes  F,  G,  K, 
and  M  than  to  stars  of  types  A  and  B.  The  difference  would  be 
greater  but  for  the  fact  that  the  density  of  negative  required  for 
satisfactory  measurement  is  less  in  the  case  of  spectra  containing 
numerous  lines  than  for  those  of  types  A  and  B.  Under  very  good 
conditions  of  seeing,  a  fully  timed  negative  of  Groombridge  i8jo 
(Mag.  6.5,  Spectrum  G)  has  been  obtained  in  75  minutes  with  a 
sHt-width  of  0.050  mm.  A  narrower  slit  has  been  employed  upon 
some  nights  of  exceptionally  fine  seeing,  but  this  width  has  been 
used  for  a  majority  of  the  photographs. 

METHOD    OF    REDUCTION 

The  range  of  spectrum  in  good  focus  upon  the  negatives  and 
upon  which  measures  may  be  made  extends  from  about  ^'4250  to 
A  4900.  As  a  rule  in  the  case  of  stars  of  types  A  and  B  the  measures 
are  limited  to  the  portion  between  Hy  and  77^.  Within  this  region 
fall  several  of  the  most  important  helium  lines,  the  magnesium  line 
A  4481 ,  and  a  large  number  of  enhanced  metallic  lines  whose  appear- 
ance is  so  characteristic  of  a  portion  of  the  A-type  stars.  The 
fact  that  777  and  77/3  are  almost  without  exception  measurable  lines 
in  the  spectra  of  A-  and  B-ty{)e  stars  has  led  us  to  the  use  of  auxiliary 
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tables  which  have  enabled  us  to  save  much  time  in  the  reduction 
of  the  photographs. 

The  method  employed  is  that  used  by  Professor  Frost  and  several 
other  observers,  in  accordance  with  which  each  negative  is  reduced 
independently  from  measures  of  three  standard  lines  in  the  com- 
parison spectrum.  It  has  the  marked  advantage  of  requiring  no 
adjustment  of  the  measures  on  account  of  changes  of  focus  of  the 
camera  or  collimator  or  variation  in  the  scale  of  the  spectrum  due 
to  the  different  temperatures  of  the  prism-train.  The  chief  objec- 
tion to  it  is  the  amount  of  time  required  to  compute  the  constants 
of  the  Cornu-Hartmann  formula  for  each  plate.  For  the  reduction 
of  our  spectrograms  we  have  constructed  tables  giving  the  values 
of  these  constants  for  the  entire  range  of  variation  of  scale  which 
may  occur.  This  is  accomplished  in  the  following  way.  Two 
suitable  comparison  lines  are  selected  at  the  extremities  of  the 
region  measured  and  another  line  intermediate  between  them,  and 
these  lines  are  measured  upon  all  of  the  photographs.  The  lines 
selected  for  our  purposes  are  A  4337. 216  near  Hy,  A  4859.928 
near  H^,  and  the  intermediate  Hne  /  4531.327.  Let  us  indicate 
these  hues  by  /".  /,  and  X\  and  the  corresponding  readings  of  the 
comparator  by  S" ,  S-]-^,  and  S',  as  follows: 

4859.928 A     S-\-8 

4531327 ^'  S' 

4337-216 \"  S" 

The  solution  of  the  Hartmann  formula  gives  for  the  values  of 

the  constants:  ..     .,,.     ,..     .,-. 

_       a(A-A.  )-b{\-\) 

"  a-6+8(A'-A")    ' 

_aS'-bS"-8S'(\-y)-]-8S"{\-y') 
°~  a-i-f8(A.'-A") 

C={\"-K){S"-So), 
where  «  =  (/-/')  (S"-S)  and6=(A-/")  (S'-S). 

If  we  develop  the  values  A^  and  So  into  series  we  <)l)tain: 
X„  =  A-a(i-/38-Hi3^8^-  .  .  .  .) 
So  =  c-d8+d'S^-   .... 

in  which  a,  /3,  c,  and  d  are  constants.     Both  series  are  rapidly  con- 
vergent for  small  values  of  S.     It  is,  of  course,  a  sinii)le  matter  to 


STELLAR  SPFXTROGRAril  AT  Ml.  W  I LSON  171 

adjust  all  of  the  spectrograms  under  the  comparator  in  such  a  way 
that  the  reading  upt)n  A  4337  shall  always  be  the  same,  or  S"  con- 
stant. Then  for  any  \alue  of  S'  —  S"  we  may  obtain  the  values  of 
/o  and  So  corresponding  to  a  set  of  readings  5+3  from  the  scries 
given  above.  Since  S  never  exceeds  o. 025  mm  for  our  photographs 
the  term  S-'  is  negligible,  and  if  extreme  values  of  /„  and  So  are 
known,  all  intermediate  values  may  be  obtained  by  simi)le  inter- 
polation in  which  the  second  differences  are  constant.  To  illustrate 
the  construction  of  a  page  of  the  tables  we  may  consider  a  specific 
case.     Let  the  readings  be: 

4859.928 56.500+8 

4531327 41-317 

4337-216 30.000 

A  range  in  ^  of  0.025  will  readily  take  care  of  all  the  diflerences 
which  may  arise  in  the  reading  upon  /  4859  for  a  given  reading 
upon  A  4531.  Accordingly  three  Hartmann  formulae  are  solved 
for  readings  of  56.500,  56.512,  and  56.525.  With  these  values 
of  /q.  5o.  and  C  we  derive  the  values  of  the  first  and  second  differ- 
ences for  purposes  of  interpolation,  and  are  enabled  to  compute 
rapidly  the  values  of  /q,  So,  and  C  corresponding  to  56.  501,  56.  502, 
etc.  This  page  of  the  table  corresponds  to  the  argument  S' —S"  = 
II  .317.  For  the  value  5'— 5"=  11 .318  a  second  page  is  computed, 
and  the  process  is  repeated  throughout  the  range  of  scale  which 
may  occur.  The  measurement  of  a  few  photographs  taken  at 
different  temperatures  gives  sufficient  knowledge  of  the  mean  values 
about  which  the  table  should  be  constructed.  In  the  case  of  our 
own  photographs  a  table  consisting  of  forty  pages  has  been  found 
sufficient  to  care  for  the  entire  range  of  variation  of  scale  observed, 
and  a  table  of  this  size  was  completed  by  a  single  computer  with 
the  aid  of  a  calculating  machine  in  about  six  days. 

The  constants  of  reduction  for  a  given  spectrogram  being 
obtained  by  inspection  from  this  table,  the  wave-lengths  of  the 
stellar  and  comparison  lines  are  computed  in  the  usual  way  from 
the  constants,  and  the  stellar  wave-lengths  are  corrected  according 
to  the  deviations  of  the  comparison  lines.  The  complete  reduction 
of  a  spectrogram  containing  fifteen  stellar  and  comparison  lines 
occupies  about  twenty  minutes. 
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SOME    RESULTS 

-1  list  of  fifty  spectroscopic  binaries. — We  have  found  the  above 
50  stars  mainly  of  types  A  and  B  to  have  variable  velocities 
in  the  line  of  sight.  The  initial  given  in  the  column  headed 
"Observer"  refers  to  Messrs.  Adams.  Babcock,  Kohlschlitter,  and 
Pease,  and  in  the  column  "Measured  by"  to  Miss  Lasby,  Miss 
Ensign,  Miss  Waterman,  and  Messrs.  Kohlschlitter  and  Adams. 
The  type  of  spectrum  given  is  in  most  cases  from  our  own  observa- 
tions. The  column  in  the  table  preceding  "Remarks"  indicates 
roughly  the  general  character  of  the  spectrum  for  purposes  of 
measurement.  There  is  evidence  of  complexity  of  the  hydrogen 
lines  in  the  spectra  of  many  of  these  stars,  and  no  doubt  more 
would  be  found  were  the  density  of  the  negatives  made  somewhat 
less.  As  a  rule,  however,  considerable  density  of  the  continuous 
spectrum  aids  in  the  measurement  of  the  broad  hazy  lines  character- 
istic of  the  spectra  of  most  of  these  stars. 

In  addition  to  the  stars  given  in  Table  I  we  have  secured  observa- 
tions which  agree  in  confirming  the  variability  of  velocity  of  the 
following  stars  announced  from  other  observatories: 


Name 

R.  A.  igio 

Dec.  1910 

Mag. 

Observatory 

25  Serpenlis 

X  Ophiitchi 

15^41'!^ 
16  21.8 

18  41.7 
18  50.6 

20    6.  7 
22  26.6 

-i8°i4' 
+37°3i' 
+36°52; 

+42°4o' 

56 
4.8 
4  4 
5-7 

3-2 

45 

Yerkes 
Lick 

f  L\rae 

Lick 

5'  Lxrae 

0  Aquilae . 

6  Lacertae 

Meudon 
Yerkes 

Stars  with  bright  hydrogen  lines. — The  stars  20  Vidpcculac.  2^ 
Pegasi,  and  8  Lacertae  in  Table  I  have  one  or  more  hydrogen  lines 
bright.  In  x  Ophiitchi,  as  has  been  announced  by  Professor 
Campbell,  both  Ily  and  ///3  are  bright.  The  following  stars  also 
have  bright  hydrogen  lines: 


Name 

R.  A.  1910 

Dec.  igio 

Mag. 

Bright  Lines 

//  (  iimclnpardatis  .... 
/rt>  (/'  Ciini'i  Miijoris  .  .  . 

2j    VltlpCCUlili 

4''S8'"3 

7   20.6 

20  18.2 

+  58°Si' 
-If."  i' 
+  24°  10' 

5  3 
5-3 
5-7 

Ily  ,1,1(1  II (i 
I/y  ami  llti 

nti 
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l82  WALTER  S.  ADAMS 

Some  stars  with  great  radial  velocities. — In  the  course  of  our 
observations  of  some  stars  of  large  proper  motions  with  known 
parallaxes  we  have  found  a  few  stars  with  very  great  radial  veloci- 
ties. Most  of  these  had  previously  been  observed  with  the  small 
focal  plane  spectrograph  and  approximate  velocities  determined. 
Accordingly  in  Table  II  the  spectrograms  obtained  with  the  focal 
plane  instrument  are  indicated  by  the  series  letter  /3  and  those 
with  the  large  spectrograph  by  7.  The  values  obtained  with  the 
small  spectrograph  are  of  course  subject  to  considerable  uncertainty. 

With  the  exception  of  Groomhridge  1830,  for  which  Professor 
Campbell  has  published  a  value  .of  —95  km,  no  other  observations 
are  available  for  these  stars.  The  star  Lalande  286oy  is  of  especial 
interest  because  of  its  type  of  spectrum.  No  star  of  type  A  with 
a  constant  velocity  approaching  this  in  magnitude  has  been 
observed  heretofore. 

Since  the  parallaxes  and  the  proper  motions  of  these  stars  are 
known,  a  computation  of  their  velocities  and  directions  of  motion 
in  space  becomes  of  interest.  These  are  given  in  the  last  two 
columns  of  Table  II,  the  requisite  data  being  taken  from  the  list 
of  parallax  determinations  compiled  by  Kapteyn  and  Weersma.^ 

I  am  indebted  for  much  assistance  in  connection  with  the 
results  referred  to  in  this  communication.  In  particular  I  wish  to 
express  my  appreciation  to  Mr.  Pease  for  his  great  aid  in  the  design 
of  the  spectrograph,  many  important  features  of  which  are  due  to 
his  suggestions;  to  Mr.  Babcock  and  Dr.  Kohlschiittcr  for  observa- 
tions with  the  instrument;  and  to  Miss  Lasby,  Miss  Ensign,  and 
Miss  Waterman  for  the  diflicult  work  involved  in  the  measurement 
of  the  spectra. 

Mount  Wilson  Solar  Observatory 
February  191 2 

'  Publications  of  the  Aslroiioniiidl  Laboratory  of  Groiiingoi,  No.  24. 


THE  EFFECT  OF  PRESSURE  UPON  ELECTRIC  FURNACE 

SPECTRA 

SECOND  PAPER' 
Ry  ARTHUR  S.  KING 

In  a  former  paper^  the  writer  reported  the  results  of  some  pre- 
liminary experiments  on  the  spectrum  of  the  electric  furnace  when 
operated  in  an  atmosphere  of  compressed  gas.  The  displacements 
measured  were  chiefly  lor  lines  in  two  regions  of  the  iron  spectrum 
for  a  pressure  of  q  atmospheres.  The  measurements,  though  not 
extensive  enough  to  be  given  high  weight,  showed,  when  compared 
with  such  measurements  of  arc  spectra  under  pressure  as  were 
available,  that  the  lines  in  general  were  displaced  much  more  in 
the  furnace  than  in  the  arc  at  equal  })ressure. 

It  was  obviously  desirable  to  continue  this  investigation  in  such 
a  way  as  to  establish  in  a  definitive  manner  the  leading  charac- 
teristics of  the  furnace  spectrum  when  under  pressure,  and  it  is 
believed  that  sufficient  material  is  now  on  hand  for  this  purpose. 
About  one  hundred  furnace  photographs  have  been  made  since  the 
preliminary  set,  the  spectra  studied  being  those  of  iron  for  the 
regions  /  4200  to  A  4500  and  /  5200  to  /  5500,  titanium  from  /  4250 
to  /  4600,  and  vanadium  from  A  4050  to  A  4600.  The  range  of 
pressures  has  been  up  to  24  atmospheres  for  the  two  regions  of  the 
iron  spectrum,  up  to  16  atmospheres  for  the  spectra  of  titanium 
and  vanadium.     The  leading  features  studied  have  been  as  follows: 

1.  The  rate  of  increase  of  displacement  with  pressure  and  the 
mean  shift  per  atmosphere  for  various  groups  of  lines  which  per- 
mitted measurements  of  considerable  accuracy. 

2.  The  pressure  effect  in  absorption  as  obtained  by  passing  white 
light  through  the  furnace  tube  when  under  pressure. 

3.  A  search  for  possible  variation  of  displacement  with  tempera- 
ture. 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  60. 
'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  53;    Astrophysical 
Journal,  34,  37,  1911. 
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4.  The  observation  of  the  effects  due  to  large  and  small  quan- 
tities of  the  radiating  vapor,  to  the  presence  of  foreign  vapors,  and 
to  variation  in  the  length  of  the  column  of  vapor  by  the  use  of 
long  and  short  tubes,  the  pressure  being  the  same  for  these  dift'erent 
conditions. 

5.  A  comparison  of  the  relative  displacements  of  groups  of  lines 
with  their  response  to  temperature  excitation  and  with  their 
beha\ior  in  the  magnetic  j5eld. 

6.  A  consideration  in  the  case  of  a  few  iron  lines  of  the  variation 
of  displacement  with  wave-length. 

7.  Attention  is  directed  to  what  is  apparently  a  fundamental 
difference  in  the  structure  of  arc  and  furnace  lines  which  may 
explain  the  difference  in  absolute  displacement  given  by  the  two 
sources. 

EXPERIMENTAL   METHOD 

The  work  has  been  carried  on  in  general  according  to  the  method 
described  in  the  previous  paper,  with  such  improvements  as  expe- 
rience showed  to  be  feasible.  The  photographs  were  made  in  the 
second  order  of  the  vertical  Littrow  spectrograph  in  the  Pasadena 
laboratory,  the  scale  for  the  regions  studied  ranging  from  o .  93  to 
0.96  A  per  mm.  The  furnace  was  operated  in  vacuum  to  give  the 
comparison  spectrum,  which  was  placed  on  each  side  of  the  pres- 
sure photograph  by  means  of  the  occulting  plate  above  the  slit. 
This  exposure  with  the  furnace  in  vacuum  was  taken  partly  before 
and  partly  after  the  pressure  photograph,  the  second  exposure  being 
made  with  increased  length  of  slit  on  each  side,  so  that  the  com- 
parison photograph  appears  as  the  superposition  of  the  two  expo- 
sures, with  weak  extensions  due  to  the  second.  This  gave  an 
exceedingly  delicate  test  for  instrumental  displacement  during  the 
making  of  the  complete  photograph,  better  than  is  given  by  a 
double  exposure  with  slit  unchanged  in  length  since  the  fainter 
extensions  sometimes  showed  a  very  slight  lack  of  continuity  when 
the  superposed  portion  of  the  line  did  not  appear  to  suffer  in 
sharpness. 

The  tubes  used  in  the  furnace,  except  for  the  special  tests  at  the 
close  of  the  investigation,  were  of  Achcson  graphite,  30.5  cm  long, 
12.5  mm  inside  diameter,  and  either  19  or  20.5  mm  outside  diam- 
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eter.  20.5  cm  being  heated  between  the  graphite  contact  blocks 
which  led  in  the  current.  The  tube  was  protected  by  a  split 
graphite  tube  and  by  carborundum  powder  outside  of  this. 

For  the  compressed  gas,  both  carbon  dioxide  and  air  were  used, 
the  latter  for  most  of  the  work,  as  it  gave  better  results  than  carbon 
dioxide,  especially  for  pressures  above  16  atmospheres.  The  writer 
was  surprised  to  find  that  the  oxygen  furnished  by  the  air  seemed 
to  be  less  than  that  given  off  by  dissociation  of  the  carbon  dioxide 
when  in  contact  with  the  hot  tube  and  jacketing  materials,  as  the 
tubes  lasted  better  in  air  and  less  of  the  white  smoke  was  generated 
which  always  proved  very  disturbing  with  carbon  dioxide  on 
account  of  weakening  the  light  and  clouding  the  window.  A  very 
efficient  method  of  jacketing  has  been  devised,  so  that  there  was 
little  circulation  of  gas  about  the  exterior  of  the  tube  and  it  wore 
thin  slowly.  As  a  rule  the  tube  was  renewed  in  preparation  for 
each  photograph  which  involved  a  run  of  the  furnace  under  pres- 
sure and  two  comparisons  in  vacuum,  but  occasionally  a  tube 
could  be  used  longer  at  moderate  temperatures.  In  one  case  the 
same  tube  was  used  for  three  successive  experiments,  being  heated 
for  a  total  of  2^  46™  in  air  at  16  atmospheres,  besides  comparisons 
in  vacuum  aggregating  i*'  6™.  The  tubes  appear  to  be  much  more 
subject  to  oxidation  outside  than  inside,  the  oxygen  entering  the 
tube  apparently  passing  into  combination  before  it  reaches  the 
highly  heated  portion. 

The  best  results  were  obtained  for  temperatures  which  gave 
readings  of  2200°  to  2400°  C.  when  a  Wanner  pyrometer  was  directed 
at  the  wall  of  the  interior  of  the  tube.  The  temperature  of  the 
radiating  vapor  is  necessarily  lower  than  this  by  an  unknown 
amount,  since  the  temperature  of  the  graphite  wall,  obtained 
either  in  this  way  or  by  the  melting-point  method,  must  be  higher 
than  that  of  the  inclosed  vapor. 

The  pressure  was  measured  by  a  new  calibrated  gauge  reading 
to  500  pounds.  Two  other  gauges,  which  were  used  in  former  work 
and  by  Mr.  Gale  with  the  pressure  arc,  showed  a  close  agreement 
with  this  gauge  except  at  the  beginning  of  their  scales. 

When  the  carborundum  jacket  was  used,  there  was  always  a 
certain  amount  of  vapor,  especially  at  the  higher  pressures,  which 
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condensed  as  a  white  powder  on  the  water-cooled  metal  parts.  This 
was  not  tested  chemically  but  was  probably  an  oxide  of  some  con- 
stituent of  the  carborundum.  As  has  been  noted,  there  was  more 
of  this  vapor  when  compressed  carbon  dioxide  was  employed.  Near 
the  end  of  the  investigation,  it  was  desired  to  try  the  effect  of 
foreign  vapors  purposely  introduced  and  also  of  different  lengths  of 
the  column  of  radiating  vapor.  In  both  cases  this  oxide  from  the 
jacketing  would  have  complicated  the  conditions,  so' the  experiments 
were  made  without  any  protection  around  the  tube.  Naturally, 
there  w-as  then  a  more  rapid  wearing-away  of  the  tube  and  a  very 
rapid  loss  of  the  heat  to  the  water-cooled  chamber  and  electrode 
pipes,  requiring  a  large  increase  in  the  electric  energy  to  keep  up 
the  temperature.  It  was  possible,  however,  to  make  the  desired 
series  of  experiments  under  these  conditions  for  a  pressure  of  8 
atmospheres. 

Tubes  for  which  the  heated  portion  was  only  51  or  64  mm  long 
were  used  by  setting  the  two  contact  blocks  at  the  proper  points 
along  the  copper-pipe  electrodes.  Other  tubes  with  a  total  length 
of  35 . 5  cm,  25.5  cm  being  heated,  were  also  employed. 

A  new  method  of  studying  the  pressure  effect,  for  which  the 
furnace  is  especially  adapted,  was  carried  out  by  obtaining  the  lines 
under  pressure  as  absorption  lines.  The  comparison  spectrum  was 
obtained  as  usual,  in  emission,  with  the  furnace  in  vacuum  before 
and  after  the  pressure  exposure.  For  the  pressure  photograph  a 
parallel  beam  of  white  light  from  a  projection  arc  was  directed  by 
means  of  a  short-focus  lens  into  the  window  of  the  furnace  opposite 
the  spectrograph.  This  light  passed  through  the  vapor  in  the 
furnace  tube,  which  was  radiating  under  pressure,  and  thence  to 
the  spectrogra])h.  Absori)ti()n  lines  are  thus  obtained  which  can 
be  made  very  narrow  if  the  continuous  spectrum  is  strong.  The 
temperature  of  the  furnace  tube  may  be  low  if  only  the  stronger 
lines  arc  desired,  and  the  exposure  time  is  much  less  than  is  required 
for  the  same  lines  in  emission.  The  pressure  displacements,  as  will 
be  shown  later,  arc  in  good  agreement  with  those  obtained  when  the 
tube  is  strongly  excited  so  as  to  give  self-reversed  lines.  The  method 
promises  to  be  very  u.seful  as  a  supplementary  one,  especially  for 
spectra  such  as  titanium,  where  a  large  number  of  lines  are  easily 
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produced  by  the  furnace  but  do  not  readily  show  self-reversal.  The 
edges  of  the  absorption  lines  are  liable  to  be  somewhat  ragged  as 
the  result  of  the  large  variation  in  tenij)erature  from  the  middle  to 
the  two  ends  of  the  furnace  tube,  with  attendant  differences  in 
density  of  the  vapor.  A  strong  continuous  spectrum  will  remedy 
this  to  a  large  extent.  Care  must  also  be  taken  when  examining 
lines  which  are  also  given  as  sharp  emission  lines  by  impurities  in 
the  carbons  of  the  arc.  since  if  the  pressure  displacement  be  small, 
the  violet  side  of  the  absorption  line  is  atTected  by  the  presence  of 
the  bright  line. 

In  measuring  the  displacements,  a  series  of  four  or  six  settings 
was  made  on  the  comparison  line  and  a  like  number  on  the  line 
displaced  by  pressure.  The  plate  was  then  reversed  in  the  machine 
and  a  similar  set  taken  in  the  opposite  direction.  All  plates  of 
sufficiently  good  quality  were  measured  by  the  writer  on  a  small 
Gaertner  comparator  and  most  of  them  also  by  Miss  Sheldon. 

RESULTS 

For  the  purpose  of  establishing  the  main  phenomena  of  the 
pressure  effect  for  the  furnace,  a  set  of  lines  was  selected  in  the  iron, 
titanium,  and  vanadium  spectra  which  can  be  measured  with  fair 
precision  at  various  pressures.  As  a  rule  (the  exceptions  usually 
being  noted  in  the  tables)  only  lines  for  iron  and  vanadium  are 
measured  which  are  distinctly  reversed.  For  titanium  the  lines 
were  measured  unreversed  and  in  absorption.  The  list  is  thus 
limited  to  lines  appearing  at  the  lower  furnace  temperatures,  the 
self-reversal  being  given  by  the  absorption  of  the  cooler  vapor  at 
the  ends  of  the  tube.  The  former  paper  showed  that  the  number  of 
iron  lines  which  can  be  measured  in  the  furnace  spectrum,  especially 
at  pressures  less  than  10  atmospheres,  is  quite  comparable  with  the 
number  measurable  in  the  arc,  and  this  is  true  also  for  titanium 
and  vanadium,  but  special  conditions  must  be  chosen  for  various 
sets  of  lines,  since  on  any  one  plate  only  a  relatively  small  number 
of  lines  will  yield  measurements  of  high  weight. 

As  there  is  always  a  certain  amount  of  widening  to  pressure  lines, 
which  in  general  increases  with  the  pressure  and  often  involves  dis- 
s>Tnmetry  in  the  widening,  a  reversed  line  is  preferable  for  measure- 
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ment,  provided  the  reversal  is  narrow.  If  there  is  a  tendency  for 
the  line  to  widen  toward  one  side,  the  reversal  may  be  expected  to 
take  part  in  this,  but  on  account  of  its  relatively  small  width,  its 
position  as  measured  cannot  differ  from  the  true  position  of  the 
maximum  by  so  great  an  amount  as  may  easily  happen  when  an 
unreversed  and  rather  wide  line  is  measured. 

It  is  characteristic  of  reversed  lines  in  furnace  spectra  that  they 
do  not  have  clean-cut  edges  to  the  reversals.  There  is  a  slow 
gradient  in  temperature  and  vapor-density  from  the  center  to  each 
end  of  the  tube  which  results  in  a  gradual  shading  of  the  sides  of 
the  reversal.  For  this  reason,  personal  judgment  may  enter  to  a 
considerable  degree  in  making  settings  on  the  Unes,  and  the  oppor- 
tunity for  this  increases  if  the  reversals  are  not  very  narrow. 
Differences  of  considerable  magnitude  in  the  measurements  for 
single  lines  have  occasionally  been  observed  which  may  fairly  be 
ascribed  to  this  cause.  However,  all  of  the  conclusions  to  be 
drawn  from  the  material  in  this  paper  are  based  on  mean  displace- 
ments for  sets  of  lines  which  show  shifts  of  the  same  order  of  mag- 
nitude, and  such  means  do  not  appear  to  be  greatly  affected  by, 
personal  differences.  As  a  test,  the  mean  displacements  were 
compared  for  ten  good  plates  measured  by  Miss  Sheldon  and 
myself.  These  plates  embraced  the  spectra  of  all  three  elements 
and  were  for  various  pressures  and  different  types  of  lines.  The 
differences  ranged  from  9  per  cent  for  unreversed  titanium  lines  to 
exact  agreement  for  a  plate  containing  over  20  reversed  vanadium 
lines.  Most  of  the  differences  were  well  under  5  per  cent  and  about 
equally  divided  as  to  which  observer  obtained  the  higher  values. 
A  large  proportion  of  the  whole  number  of  plates  was  of  about  the 
quality  of  those  compared,  so  that  it  seems  highly  improbable  that 
the  mean  values  presented  are  affected  in  an\  vital  degree  by 
peculiarities  in  personal  judgment. 

It  was  desirable  to  look  farther  into  tiie  kirgc  differences  between 
furnace  and  arc  displacements  for  the  same  pressure,  which  were 
indicated  by  the  preliminary  observations.  Instrumental  differ- 
ences, such  as  must  occur  for  work  carried  out  in  different  labora- 
tories, have  been  largely  eliminated  by  comparing  the  later  furnace 
results  with  the  values  for  arc  displacements  obtained  by  (laic  and 
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Adams'  in  ati  iiiwstii^Mtion  carrit-ii  out  with  j)ressures  which  were 
used  also  for  the  furnace  antl  with  the  same  spectrograph.  At  the 
close  of  the  pressure-arc  investij^ation.  the  spectrograph  was  used 
by  the  writer  with  the  same  adjustments  as  to  focus,  thus  insuring 
that  the  photographs,  as  regards  scale  and  dclniition,  should  be  as 
closel\'  comparable  as  possible.  The  change  from  the  arc  arrange- 
ments thus  consisted  in  turning  the  vertical  spectrograph  around 
until  its  mirror  faced  the  furnace.  The  image  of  the  interior  of  the 
tube  was  focused  on  the  slit,  giving  a  cone  of  light  slightly  larger 
than  the  objective  of  the  spectrograph.  The  focusing  lens  was 
never  moved  during  the  making  of  a  pressure  photograj)h  with  its 
two  comparison  exposures  in  vacuum. 

The  pressure  values  for  all  of  the  displacements  to  be  given  are 
total  pressures,  owing  to  the  comparison  spectrum  being  made  with 
the  furnace  in  vacuum.  A  careful  test  having  shown  (see  Table 
II)  that  the  furnace  in  vacuum  and  at  atmospheric  pressure  shows 
a  displacement  of  the  lines  proportional  to  that  for  higher  pressures, 
the  shifts  may  be  compared  with  those  for  the  same  ditYerence  of 
pressure  with  the  arc,  which  was  usually  operated  at  atmospheric 
pressure  for  the  comparison  spectrum. 

IRON 

In  Table  I  the  displacements  are  given  in  Angstrom  units  for  a 
number  of  iron  lines  in  the  blue  region.  These  are  all  reversed  by 
the  furnace  and  w^re  as  a  rule  very  favorable  for  close  measurement. 
The  furnace  spectra  at  8,  16,  and  24  atmospheres  are  the  regular 
reversed  emission  lines.  At  12  atmospheres,  one  plate  in  absorp- 
tion was  measured  and  also  one  in  which  the  iron  lines  were  narrow 
and  unreversed  in  a  photograph  of  the  titanium  spectrum.  The 
last  column  gives  the  displacements  found  by  Gale  and  Adams  for 
the  arc  with  8  atmospheres  dilTerence  in  pressure.  The  wave- 
lengths are  on  the  Rowland  scale. 

It  is  seen  from  Table  I  that  the  displacements  of  all  the  lines, 
with  the  exception  of  those  marked  *,  are  of  the  same  order  of 
magnitude  for  the  furnace  at  any  given  pressure.  The  mean  shift 
per  atmosphere  for  these  eight  lines  is  also  nearly  the  same  except 

'  Conlribulions  from  the  Mouiil  Wilson  Solar  Observatory,  No.  58;  Astrophysical 
Journal,  35,  10,  191 2. 
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for  the  two  plates  at  12  atmospheres,  where  the  rather  wide  absorp- 
tion lines  of  the  one  and  the  unreversed  lines  of  the  other  made 
measurements  difficult. 


TABLE  I 

Pressure  Displacements  for  Iron 

X  4250-X  4462 


K 

8  Atm. 
4  Plates 

12  Atm. 
(.Absorp- 
tion) 
1  Plate 

12  Atm. 

(Unre- 
versed) 

I  Plate 

16  Atm. 
2  Plates 

24  Atm. 
I  Plate 

8  Atm. 
Arc 

4^50 
4271 
4294 
4308 
4325 

*4376 

4383 

4404 

4415 

*442  7 

*446i 

945 

934 

301 

081 

020 

0.037 
0.039 
0.036 
0.040 
0.0^8 

0.062 
0.054 
0.064 
0.055 
0  06  c 

0053 

0055 
0053 
0.029 
0.056 
0.060 

0.028 
0.026 

0.073 
0.074 
0.076 
0.081 
0.080 
0.039 
0.080 
0.078 
0.072 
0.038 
0.034 

0. 116 
0. 102 

O.113 
O.I16 
0. 121 

0.022 
0.022 
0.030 
0.021 
0.0^0 

I07           

0.020           0.028 
0 . 040           0 . 063 
0.041           0.059 
0 . 040           0 . 064 
0.019           0.029 
0.018           0.026 

0.052    ;    0.018 
0.119        0.027 
0.121        0.021 

720 

027 

293 

482 

818 

0.115        0.018 
0.044        0.017 
0.051        0.015 

Summary,  Omittixg  *  Lines 


Mean  displacement 
Displacement  per  at- 
mosphere. .  . 


0 . 0389       0 . 0607 

0.0554 

0.0768 

O.II54 

0 . 00486     0 . 00506 

0.00462 

0 . 00480 

0.00481 

0.0226 
0.00282 


Mean  furnace  displacement  per  atmosphere  o .  00483 
Ratio,  .\rc  :  Furnace  =  282  :  483  =  0.584 

The  lines  /A  4376,  4427,  and  4462  are  obviously  in  a  difTerent 
class  as  regards  displacement,  their  shifts  being  about  half  as  large 
as  for  the  other  lines  in  the  list.  Other  lines  in  this  region  show  a 
shift  about  twice  as  large  as  the  unstarred  lines  in  Table  I,  A  4260.640 
being  the  strongest  of  this  class;  but  they  do  not  reverse  in  the 
furnace  and  arc  usually  so  hazy  for  pressures  above  8  atmospheres 
that  measurements  on  them  are  of  low  weight  and  they  are  therefore 
not  included  in  the  j)resent  list. 

A  comparison  of  the  furnace  and  arc  shifts  may  be  made  most 
directly  by  means  of  the  first  and  last  columns  of  displacements. 
It  is  seen  that  the  furnace  displacements  are  uniformly  larger  than 
those  of  the  arc,  but  that  the  ratio  for  individual  lines  is  by  no 
means  constant.  The  largest  deviations  are  for  A  4294  and  for  the 
three  lines  above  mentioned  which  have  small  furnace  displace- 
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ments.  The  reality  of  this  ditTerence  is  not  altogether  certain. 
These  four  lines  are  given  at  low  temperatures  and  so  are  relatively 
strong  and  well  reversed  in  the  furnace  sj)ectrum.  In  the  arc  they 
reverse  with  difticulty.  if  at  all.  so  that  the  matter  hinges  on  whether 
a  definitive  comparison  can  be  made  between  a  reversed  and  an 
unreversed  line  when  the  displacement  is  small  and  is  attended  by 
photographic  ditTcrcnces  owing  to  the  spectra  being  photographed 
on  different  plates.  DutVield,'  who  investigated  the  iron  lines  in 
this  region  for  pressures  from  5  to  100  atmospheres,  obtained  very 
irregular  displacements  for  the  three  starred  lines  of  Table  I,  but 
they  have  in  general  decidedly  smaller  shifts  than  the  other  lines 
in  this  table.  A  4294  was  also  found  by  Duffteld  to  show  variable 
shifts  at  different  pressures,  but  usually  gave  values  close  to  those 
found  by  him  for  the  unstarred  lines  of  Table  I.  The  measure- 
ments of  Humphreys^  for  41  atmospheres,  a  pressure  which  in  some 
respects  should  be  more  favorable  for  lines  of  this  type,  give  a 
close  relative  agreement  with  the  furnace  displacements,  A  4294 
having  a  shift  of  the  same  order  as  those  measured  by  Humphreys 
for  the  unstarred  lines  of  Table  I,  while  //  4376.  4427,  and  4462 
have  a  mean  shift  per  atmosphere  of  0.00122,  the  mean  value  given 
by  the  furnace  for  8, 16,  and  24  atmospheres  being  0.00225.  Thus, 
if  we  allow  for  the  character  of  the  lines  in  the  two  sources,  the 
lack  of  agreement  in  the  measured  displacements  for  furnace  and 
arc  may  not  be  great  enough  to  indicate  a  real  relative  difference. 

Plate  XI  reproduces  the  iron  spectrum  from  A  4376  to  A  4462, 
showing  two  spectra  at  8  atmospheres  having  different  intensities 
for  the  continuous  ground,  an  absorption  spectrum  at  12  atmos- 
pheres and  emission  spectra  at  16  and  24  atmospheres.  The  rela- 
tively small  displacements  of  the  starred  lines  of  Table  I  may 
readily  be  seen. 

A  large  number  of  photographs  have  been  taken  for  the  region 
A  5300  to  A  5500,  as  the  strong  lines  in  this  region  are  especially  fa- 
vorable for  examining  the  characteristics  of  furnace  displacements. 
Eight  lines  occur  in  this  region  which  are  of  about  equal  intensity 
and  show  pressure  displacements  of  nearly  the  same  magnitude. 

^Philosophical  Transactions,  .V  208,  iii,  1908. 
'  Astrophysical  Journal,  26,  18,  1907. 
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They  reverse  readily  in  the  furnace  at  moderate  temperatures,  the 
w-idth  of  reversal  increasing  progressively  toward  the  violet.  This 
group  of  lines  has  been  studied  at  successive  steps  of  4  atmos- 
pheres up  to  24  atmospheres,  and  also  for  the  possible  efifect  upon 
displacement  of  variations  in  temperature  and  other  conditions  of 
the  furnace.  The  displacement  values  for  various  pressures  are 
given  in  Table  II. 

Table  II  shows  a  maximum  variation  in  the  shift  per  atmosphere 
of  less  than  10  per  cent  for  those  conditions  which  may  be  regarded 
as  standard,  namely  emission  spectra  in  air  at  pressures  of  4,  8,  16, 
and  24  atmospheres.  The  large  values  given  by  one  plate  for  12 
atmospheres  in  absorption  are  of  doubtful  weight,  owing  to  the 
width  of  the  lines.  Absorption  spectra  at  8  and  16  atmospheres 
with  fairly  narrow  lines  gave  displacements  close  to  the  general 
mean.  The  large  shifts  measured  for  two  plates  in  carbon  dioxide 
at  8  atmospheres  may  be  real  and  will  be  considered  later  in  the 
discussion.  The  number  and  quality  of  the  plates  at  disposal  leave 
little  question  that  there  is  a  regular  increase  of  displacement  with 
pressure  through  this  range  of  moderate  pressures.  The  material 
thus  supplements  the  data  from  arc  investigations,  in  which  as  a 
rule  many  irregular  values  have  appeared  at  pressures  under  20 
atmospheres,  and  in  which  the  proportionality  of  displacement  to 
pressure  in  this  range  was  somewhat  doubtful. 

The  measurements  for  one  atmosphere  require  explanation, 
since  the  probable  error  is  large  in  proportion  to  the  displacement 
measured.  The  furnace  was  operated  in  a  partial  vacuum  for  the 
comparison  and  then  at  about  atmospheric  pressure,  the  interval 
being  regulated  by  a  mercury  manometer  for  which  the  dilTerence 
in  level  was  kept  equal  to  the  ])arometric  height.  Three  good 
plates  having  narrowly  reversed  lines  were  measured  in  each  direc- 
tion. Single  determinations  ranged  from  0.002  to  0.008,  the 
extreme  limits  being  rare.  As  the  eight  lines  show  displacements 
of  the  same  magnitude,  each  plate  thus  furnished  16  determinations 
of  the  inter\al  in  question,  giving  a  total  of  48  measurements  to 
make  up  the  final  mean  of  0.00525  for  a  pressure  of  one  atmosphere. 
It  is  believed  that  fairly  high  weight  can  be  given  this  value  of  the 
shift  for  this  dilTerence  in  pressure.     It  shows  that  the  displace- 
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ments  produced  by  any  pressure  as  referred  to  the  furnace  in 
vacuum  may  be  fairly  compared  with  arc  measurements,  for  which 
the  pressure  is  usually  taken  as  the  excess  above  one  atmosphere. 

The  arc  displacements  for  8  atmospheres  as  measured  by  Gale 
and  Adams  are  given  in  the  last  column  of  Table  11.  There  is  a 
close  agreement  among  the  individual  values  as  for  the  furnace. 
The  difference  between  the  mean  shifts  per  atmosphere  for  the  two 
sources  is  not  so  large  as  for  the  lines  given  in  Table  I,  but  the  differ- 
ent appearance  of  the  lines  in  arc  and  furnace  for  this  region  makes 
them  more  difficult  to  compare  with  accuracy.  The  lines  of  Table 
II  are  usually  unreversed  in  the  arc  at  moderate  pressures,  only 
A  5328  and  /5371  sometimes  showing  slight  reversal.  In  the 
furnace  the  fact  that  they  are  low-temperature  lines  and  are  given 
by  the  vapor  near  the  ends  of  the  tube  permits  them  to  be  clearly 
reversed.  Another  set  of  pressure-arc  measurements  for  the  lines 
of  Table  II  is  given  by  Humphreys.^  His  measurements  for  the 
eight  lines  under  a  pressure  of  41  atmospheres  gave  a  mean  shift  per 
atmosphere  of  0.0023,  or  less  than  one-half  of  the  mean  furnace 
displacement.  If  we  take  the  mean  of  Gale  and  Adams'  and  of 
Humphreys"  values  for  the  shift  per  atmosphere  in  the  arc,  it  comes 
out  0.00293.  gi^'irig  3-  ratio  of  arc  to  furnace  displacements  of  o.  561'. 

The  strong  lines  ^"^'5497-735.  5501.683,  and  5507.000,  are 
usually  unreversed  in  the  furnace,  and  were  not  so  favorable  for 
accurate  measurement  as  the  lines  given  in  Table  II.  Such  meas- 
ures as  have  been  made  indicate  that  the  displacements  are  of 
the  same  order  of  magnitude  as  those  recorded  for  the  neighboring 
lines. 

Plate  XII  reproduces  the  lines  of  Table  II,  with  the  exception  of 
/5328.  V'ariations  of  the  pressure  elTcct  are  shown  ranging  from 
the  slight  lack  of  continuity  at  one  atmosphere  as  compared  to 
vacuum  to  the  large  displacements  at  24  atmospheres.  In  all  of 
them,  the  progressively  increasing  width  of  the  reversal  toward 
the  violet  is  evident.  For  8  atmospheres,  both  emission  and 
ab.sorption  sj)cctra  arc  shown.  For  16  atmosj)hcres,  two  emission 
spectra  with  quite  ditTerent  degrees  of  reversal  and  an  al)sori)tion 
spectrum  are  given.     The  spectrum  reproduced  for  24  atmospheres 

•  Loc.  cil. 
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shows  for  most  of  the  lines  onl\'  the  be<rinnin,<;  of  reversal.    Another 
plate  was  obtained  at  this  pressure  with  rather  wide  reversals. 

TITANIUM 

The  titanium  furnace  spectrum  was  photographed  for  the  region 
A  4200  to  /  4000,  in  which  two  groups  aggregating  20  lines  were 
strong  enough  to  measure  up  to  16  atmospheres.  These  lines  are 
not  reversed  by  the  furnace  at  the  temperatures  employed.  A 
good  agreement  appeared  for  sets  of  measurements  by  different 
observers,  although  the  lines  were  not  as  satisfactory  for  measure- 
ment as  if  they  had  been  reversed.  An  absorption  spectrum  at 
8  atmospheres  gave  displacements  agreeing  closely  with  the  values 
for  emission  spectra.  The  measurements  are  presented  in  Table 
III.  the  arc  displacements  found  by  Gale  and  Adams  for  8  atmos- 
pheres being  given  in  the  last  column.  The  mean  furnace  shift 
per  atmosphere  is  weighted  on  account  of  the  small  number  of 
values  for  12  atmospheres. 

Considering  the  character  of  the  lines  there  is  a  good  agreement 
between  the  tlisplacements  at  8  atmospheres  for  emission  and 
absorption  and  also  between  the  shifts  per  atmosphere  at  8  and  16 
atmospheres.  The  ratio  of  mean  arc  and  furnace  displacements  is 
almost  the  same  as  for  the  iron  lines  of  Table  I.  The  arc  displace- 
ments for  the  II  lines  beginning  with  4512.906  are  consistently 
somewhat  higher  than  for  the  first  9  lines  in  the  list,  while  the 
furnace  displacements  are  of  the  same  magnitude  throughout. 

As  in  the  case  of  the  iron  spectrum,  only  the  best  lines  are 
measured  in  this  region.  A  much  larger  number  can  be  obtained 
with  varying  degrees  of  accuracy,  the  precision  in  most  cases 
becoming  much  less  at  higher  pressures. 

VAX.^DIUM 

Recent  work  by  Rossi'  has  furnished  measurements  for  the  dis- 
placements of  the  stronger  vanadium  lines  from  A  4000  to  /  4600 
as  given  by  the  arc  at  pressures  of  15,  30,  50  and  100  atmospheres. 
The  writer  has  taken  a  series  of  ten  furnace  plates  for  the  same 
region  at  pressures  of  8  and  16  atmospheres.  Compressed  air  was 
used,  with  metallic  vanadium  in  the  furnace  tube.     On  the  better 

^  Aslrophysical  Journal.  34,  21,  191 1. 
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photographs  the  lines  were  in  almost  all  cases  reversed,  the  com- 
parison lines  also  being  frequently  reversed,  so  that  close  measure- 
ments were  possible. 

TABLE  III 
Pressure  Displacements  for  Titanium 


A 

8  Atm. 
2  Plates 

8  Atm. 

(Absorption) 

I  Plate 

12  Atm. 
I  Plate 

16  Atm. 
2  Plates 

8  Atm. 
Arc 

4286.168 

0.045 

0.049 

0.087 

0.021 

4287 

566 

0.040 

0.048 

0.099 

0.024 

4289 

237 

0.050 

0.049 

0.075 

0.025 

4291 

114 

0,049 

0.042 

0.091 

0.022 

4295 

914 

0.046 

0.054 

0.094 

0.022 

4298 

828 

0.045 

0.054 

0.095 

0.025 

4,^00 

732 

0.046 

0.046 

0.081 

0.099 

0.021 

4301 

158.... 

0.048 

0.050 

0.076 

0.088 

0.024 

4306 

078 

0.044 

0.048 

0.073 

0.091 

0.024 

4512 

906. . . . 

0.047 

0.043 

0.088 

0.029 

45i« 

198 

0.046 

0.049 

0.099 

0.029 

4522 

974 

0.047 

0.045 

0.099 

0.031 

4527 

490 

0.044 

0.056 

0. 100 

0.029 

4533 

419 

0.043 

0.047 

0.077 

0.097 

0.031 

4534 

953 

0.047 

0.052 

0.074 

0.094 

0.034 

4535 

741 

0.043 

0.046 

0.082 

0. 102 

0.029 

4544 

864.... 

0.048 

0.050 

0.094 

0.031 

4548 

938.... 

0.045 

0.044 

0.099 

0.031 

4552 

632. ..  . 

1          0.045 

0.046 

0.097 

0.029 

4555 

662 

'          0 . 046 

0.049 

0.090 

0.029 

Mean  dis- 

placement. 

0.0457 

0 . 0483 

0.0772 

0.0939 

0.0270 

Displacement 

per    atmos- 

phere  

1          0.00571 

0 . 00604 

0 . 00643 

0.00587 

0.00338 

Mean  fumace  displacement  per  atmosphere,  0.00592 
Ratio,  .\rc  :  Fumace  =  338  :  592  =  0.571 

Table  IV  gives  the  furnace  displacements  for  vanadium,  the  arc 
displacements  measured  by  Rossi  for  15  atmospheres  being  given 
in  the  last  column.  The  values  in  the  third  column,  for  unreversed 
lines  at  8  atmospheres,  were  obtained  from  a  plate  made  for  the 
iron  spectrum,  but  containing  the  stronger  vanadium  lines  narrow 
and  bright  from  impurities  in  the  iron. 

F'rom  Table  IV  it  is  seen  that  the  displacements  per  atmosphere 
at  8  and  16  atmospheres  agree  within  10  \)cr  cent.  .\s  the  reversals 
at  16  atmospheres  are  rather  wide,  a  difference  of  this  magnitude 
may  fairly  be  ascribed  to  errors  of  measurement  and  the  |)ropor- 
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TABLE  IV 
Pressure  Displacements  for  Vanadium 


40<)0 

728.... 

4ogj 

821.,.. 

4095 

b33 

4099 

941 

4102 

3:11 

4105 

318.... 

4109 

905  • 

4111 

940 

4"5 

330  •• 

4116 

634 

4123 

539- ■ 

4128 

251... 

41.S-' 

100  . 

4134 

589... 

*4I79 

542.... 

4182 

755-  •  •  • 

*4330 

189 

*4332 

988... 

*434i 

167... 

*4353 

040. . . . 

4379 

396 

43»4 

873  •• 

4390 

149 

4395 

413.... 

4400 

738.  . . 

4406 

810 

4407 

810 

4408 

364.  .. 

4408 

683... 

4416 

636... 

4421 

733  •••• 

4426 

201 . . . . 

4428 

711 ...  . 

44 -'9 

958... 

4436 

313   ■ 

443« 

006. ... 

4441 

881 ... . 

4444 

566... 

4457 

600. . . . 

4459 

922... 

4460 

389... 

4577 

35^ 

•4580 

590 

*4586 

5S2- 

*4594 

297... 

8  Atm. 


Mean  displace- 
ment   

Displacement 
per  atmos- 
phere   


0.040 
0.045 
o  040 

0.0<)0 

0.047 

0.040 
0.046 
0.038 
0053 

0.040 

0.047 
0.043 

0.046 
0.016 
0.041 

0.023 

0.018 
0.020 

0.023 

0.042 
0.042 
0.048 
0.040 

0035 
0.037 

0.040 
0.040 

0057 

o  035 
0.044 
0.044 

0.034 

0.044 

0.034 

o  035 
o  033 
o  035 

0.038 
0.036 

0.041 
0.019 
0.018 
0.020 
0.021 


8  Atm. 
(Unrevened) 


0.049 
0.040 
0.044 
o .  046 
0.044 
0.042 
0.047 
0.040 
0.047 
0.042 
0.037 


0.031 
0.036 
0.037 


0.033 
0.035 


16  Atm. 


0.039 
0.034 
0.045 
0.039 
0.086 
0.087 
0.085 
0.084 
0.091 
0.081 
0.078 


0.084 
0.096 
0.075 
0.065 


.062 

077 
084 

074 
054 
059 
.080 
.038 
034 
033 
.036 


Summary,  Omitting  *  Lines 


0.0427 


0.00534 


o  0406 


0.00507 


IS  Atm. 
Arc 


0.071 

o  061 
0.049 
0.047 

0.052 
0.043 
0.043 
0.042 
0.050 
0.046 
0.049 
0.044 


0.042 
0.041 
0.052 
0.040 
0.046 
0.046 
o  043 

0.047 
0.047 


0.043 

0.046 
0.044 
0.046 

0.047 

0.049 

0.043 
0.050 

0.049 


0.044 

0.042 


0.00487 


0.041 


o  0478 


o . 003 1 9 
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TABLE  IV— Continued 


K 

8  Af.^                      8  Atm. 
8  Atm-                    (Unreversed) 

16  Atm. 

IS  Atm. 
Arc 

Mean  displace- 
ment of  lines 
also  in  arc .  . 

Displacement 
per  atmos- 
phere   of 
lines  also  in 
arc 

0.0428 
0  00535 

0 . 0406 
0.00507 

o.oSoS 
0.00505 

Mean  furnace  displacement  per  atmosphere.  0.00509 

Mean  furnace  displacement  per  atmosphere  for  lines  also  in  arc,  0.00516 

Ratio,  Arc  :  Furnace  =  3i9  :  516  =  0.618 

tional  increase  of  the  displacements  in  general  is  in  harmony  with 
the  results  for  iron  and  titanium. 

The  ratio  of  the  mean  displacements  per  atmosphere  for  lines 
common  to  the  furnace  list  and  to  Rossi's  list  for  the  arc  is  close  to 
that  found  in  Tables  I  and  III.  The  last  two  columns  of  Table  IV 
show  the  relative  displacements  in  furnace  and  arc  for  nearly  equal 
pressures.  Nine  furnace  lines  which  have  shifts  much  smaller  than 
the  average  are  starred  and  are  not  included  in  the  averages  at  the 
end  of  the  table.  For  the  seven  lines  of  this  set  which  were  measured 
by  Rossi,  there  appears  to  be  a  distinct  relative  difference  as  com- 
pared to  the  unstarred  lines.  At  16  atmospheres  the  furnace  dis- 
placements of  the  starred  lines  are  close  to  those  of  the  arc  for 
15  atmospheres  while  the  displacements  for  the  other  lines  approach 
a  2  :  I  ratio.  These  lines  were  measured  on  several  good  furnace 
plates  and  there  can  be  no  doubt  of  their  large  difference  from  the 
unstarred  lines.  So  far  as  can  be  judged  from  the  reproductions 
of  Rossi's  spectra,  the  starred  lines  in  the  arc  spectra  are  compar- 
able in  quality  with  the  others  in  his  table.  It  is  to  be  noted, 
however,  that  Rossi's  measurements  for  30  atmospheres,  which 
gave  the  lines  distinctly  reversed  in  the  arc,  show  consistently 
smaller  values  for  the  starred  lines  than  for  the  others.  Until  a 
more  direct  comparison  of  furnace  and  arc  |)h()t()graphs  is  pos- 
sible, there  is  some  question  as  to  the  certainty  of  a  large  relative 
dilTerencc  for  these  lines. 

Vanadium  si)eclra  at  8  and  16  atmospheres,  accompanied  by  an 
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arc  spectrum  taken  at  atmospheric  pressure,  are  reproduced  in 
Plate  XI.  The  four  lines  from  ^4577  to  A  4594  appear  at  the  right, 
showing  their  displacements  relative  to  those  of  the  lines  near 
/  4400.  The  two  parts  of  the  spectrum  at  8  atmospheres  were 
enlarged  from  the  same  negative,  so  that  photographic  difTerences 
are  eliminated. 

EFFECT  UPON  DISPLACEMENT  OF  VARIATION  IN  FURNACE  CONDITIONS 

Since  many  modifications  are'  possible  in  the  arrangement  and 
operation  of  the  furnace,  it  seemed  worth  while  to  see  what  differ- 
ences, if  any,  changes  in  certain  variables  might  make  in  the  pres- 
sure displacements.  The  region  of  spectrum  selected  for  these 
experiments  consists  of  the  iron  lines  whose  measurements  for 
diff"erent  pressures  are  given  in  Table  II,  with  the  addition  of 
/  5269.723  on  some  of  the  photographs.  The  lines  of  this  group 
have  the  advantages  of  giving  fairly  large  displacements,  all  of  the 
same  order  of  magnitude,  so  that  the  mean  can  be  used  to  deter- 
mine the  effect  of  any  special  condition,  and  of  appearing  usually 
in  reversal,  which  in  the  case  of  low  temperature  lines  greatly 
increases  the  accuracy  of  measurement.  The  various  modifications 
tried  will  be  considered  in  turn. 

I .  Temperature  diference. — A  variation  in  pressure  displacement 
inversely  as  the  absolute  temperature  of  the  source  would  be  of  the 
proper  order  of  magnitude  to  account  for  the  difference  observed 
in  furnace  and  arc  displacements.  It  has  been  possible  to  test 
this  point  with  the  furnace  in  such  a  way  that  a  relation  of  this 
kind  should  have  shown  itself,  but  the  results  have  failed  to  reveal 
a  dependence  of  displacement  upon  temperature. 

In  these  experiments  a  definitive  test  required  a  pressure  high 
enough  to  give  a  large  displacement  and  also  a  temperature  differ- 
ence as  great  as  possible,  both  conditions  acting  against  obtaining 
lines  of  the  best  quality  for  a  close  comparison.  Pressures  of  12, 
16,  and  20  atmospheres  were  used.  At  each  pressure,  a  temperature 
was  taken  as  low  as  would  give  clearly  defined  lines  and  then  as 
high  as  could  be  employed.  It  was  not  possible  to  go  to  the  upper 
limit  of  the  furnace  temperature,  as  wide  reversals  were  given,  and 
if  the  exposures  were  made  long  enough  to  narrow  the  reversals  only 
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temperatures  up  to  a  certain  limit  could  be  used  without  generating 
large  quantities  of  white  vapor  which  cut  off  the  light. 
•  Little  confidence  could  be  placed  in  comparative  measurements 
for  the  extreme  low  and  high  temperatures  on  account  of  the  dif- 
fuseness  of  the  lines  at  the  pressures  employed.  To  obtain  good 
lines  for  measurement,  the  furnace  was  always  operated  at  moder- 
ate temperatures  (not  above  2400°  C).  The  method  adopted  for 
the  temperature  comparison  was  to  make  exposures  at  the  same 
pressure  for  low  and  high  temperatures  on  the  same  plate,  placing 
one  outside  of  the  other  by  means  of  the  occulting  device  above 
the  slit,  and  making  vacuum  exposures  before  and  after  to  test  for 
instrumental  disturbance  during  the  experiment. 

Twelve  plates  were  taken  by  this  method  for  the  iron  lines  from 
/  5300-/  5500  and  from  A  4200-A  4500.  Various  temperature  inter- 
vals were  taken,  usually  those  for  which  the  pyrometer  gave  differ- 
ences of  about  500°  C.  The  actual  difference  was  probably  greater 
than  this  on  account  of  the  readings  being  affected  by  the  cloudy 
condition  of  the  furnace  interior  at  the  high  temperatures.  Very 
good  plates  were  obtained  at  12  atmospheres  with  lines  reversed  in 
each  photograph  taken  with  a  temperature  difference  of  about 
300°  C.  The  reversals  appeared  to  be  perfectly  continuous  in  the 
two  spectra  side  by  side.  Larger  temperature  intervals  gave  the 
low  temperature  lines  unreversed,  and  the  maximum  difference 
should  have  been  given  for  20  atmospheres  with  a  temperature 
interval  of  at  least  500°.  This  gave  an  absolute  displacement  of 
about  0.1  A  for  both  lines,  and  no  difference  in  position  could  be 
detected  between  bright  low  temperature  lines  and  the  same  lines 
reversed  at  high  temperature.  A  difference  in  displacement 
inversely  proportional  to  the  absolute  temperature  would  amount 
to  about  20  per  cent  under  these  conditions  and  although  the  quality 
of  the  lines  makes  one  hesitate  to  say  that  there  is  certainly  no 
difference,  it  can  be  said  that  a  difference  of  this  magnitude  should 
have  been  perceptible  in  a  visual  comparison  made  in  this  way. 
Higher  pressures  were  tried.  u|)  to  30  atmospheres,  but  difficulties 
attendant  on  the  increased  pressure  prevented  the  obtaining  of 
photographs  satisfactory  for  comparison  at  both  high  and  low 
temperatures. 
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Evidence  otTered  by  the  striuture  of  rc\erse(l  lines  bears  on  the 
etTect  of  temperature  difference.  All  of  the  lines  whose  measure- 
ments are  given  in  this  paper,  when  reversed  at  all,  show  reversals 
nearly  if  not  quite  symmetrical  up  to  the  highest  pressures  observed, 
24  atmospheres  in  the  case  of  the  iron  lines.  An  increased  displace- 
ment for  the  low  temperature  line  given  by  the  cooler  parts  of  the 
furnace  tube  should  make  the  line  as  a  whole  unsymmetrically 
reversed,  the  portion  to  the  violet  of  the  absorption  line  being  the 
wider.  Lines  having  this  appearance  are  rare  in  any  source,  the 
arc  usually  giving  strong  widening  to  the  red  when  lines  reverse 
unsymmetrically,  while,  for  the  lines  considered  in  this  paper,  the 
symmetry  of  the  arc  reversals  agrees  with  those  shown  by  the 
furnace.  A  condition  which  is  conceivable  but  highly  improbable 
may  be  mentioned.  If  the  emission  line  widened  under  pressure 
unsymmetrically  toward  the  red  and  if  at  the  same  time  the  absorp- 
tion line  had  a  larger  displacement  owing  to  the  lower  temperature 
of  the  vapor  producing  it,  the  widening  of  the  emission  line  and 
the  increased  displacement  of  the  absorption  line  might  keep  pace 
and  preserve  the  appearance  of  symmetrical  reversal.  There  is  no 
reason  to  believe  that  this  actually  takes  place.  Such  lines  when 
unreversed  under  pressure  should  show  strong  widening  toward 
the  red.  The  iron  lines  of  Table  II  have  been  obtained  in  the 
furnace  unreversed  at  several  pressures.  They  also  appear  usually 
unreversed  in  the  arc  under  pressure  and  much  widened  when  iron 
terminals  are  used,  but  this  widening  remains  nearly  symmetrical 
both  in  furnace  and  arc. 

If  a  decrease  of  displacement  with  increasing  temperature  were 
found  really  to  exist,  the  widening  of  the  lines,  which  seems  to 
accompany  increased  pressure  in  all  sources  which  have  been 
observ^ed,  would  be  expected  to  remain,  and  we  should  have  the 
condition  in  solar  and  stellar  spectra  that  lines  widened  but  not 
distinctly  displaced  might  indicate  high  pressures  which  produced 
little  or  no  displacement  by  reason  of  the  high  celestial  temperatures 
involved.  The  evidence  presented  by  the  furnace  experiments, 
however,  is  against  a  dependence  of  the  pressure  displacement  on 
the  temperature  of  the  source. 

2.  Efecl  of  dijjerent  compressed  gases. — It  was  noted  in  the  dis- 
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cussion  of  Table  IL  that  two  good  plates  for  the  furnace  in  carbon 
dioxide  at  8  atmospheres  gave  consistently  larger  displacements 
than  were  observed  for  compressed  air.  the  difference  of  the  means 
amounting  to  about  lo  per  cent.  This  difference  is  not  certainly 
beyond  possible  errors  of  measurement,  but  the  measurements  by 
different  observers  agreed  very  closely  and  the  difference  is  larger 
than  was  obtained  between  photographs  of  similar  quality  for  any 
other  conditions  of  the  furnace.  Photographs  of  poorer  quality  for 
the  iron  lines  of  Table  I  and  the  titanium  lines  of  Table  III,  each 
at  8  atmospheres  in  CO2.  failed  to  show  a  decided  difference  from 
corresponding  photographs  for  air.  Higher  pressures  with  carbon 
dioxide  gave  poor  results  on  account  of  the  large  amount  of  white 
oxide  which  was  generated. 

The  possibility  of  carbon  dioxide  giving  larger  pressure  dis- 
placements than  air  on  account  of  its  higher  dielectric  constant  was 
discussed  in  my  preliminary  paper.'  The  present  results  show  that 
this  can  have  no  important  bearing  on  the  difference  between  fur- 
nace and  arc  displacements,  since  the  greater  part  of  the  furnace 
work  has  been  done  with  air.  Rossi^  has  recently  tested  this  ques- 
tion for  the  arc  by  obtaining  the  displacements  of  a  number  of  iron 
lines  in  air  and  in  carbon  dioxide  at  15,  30,  and  50  atmospheres. 
The  mean  displacements  for  the  two  gases  agreed  closely. 

It  is  worthy  of  note  in  this  connection  that,  judging  from  my 
experiments  with  the  furnace,  the  carbon  dioxide  is  probably 
largely  turned  to  carbon  monoxide  before  it  reaches  the  region 
where  maximum  radiation  is  taking  place,  and  the  same  is  probably 
true  to  a  certain  extent  for  the  arc.  As  the  dielectric  constant 
of  carbon  monoxide  is  but  slightly  greater  than  that  of  air,  being 
much  less  than  for  carbon  dioxide,  but  little  difference  in  displace- 
ment is  to  be  expected  through  this  agency.  The  furnace  should, 
however,  be  more  sensitive  than  the  arc  to  an\-  intluence  which  the 
compressed  gas  can  exert,  since  such  a  gas  is  thoroughly  mixed  with 
the  metallic  vapor  and  brought  to  the  same  temperature. 

3.  Low  vapor-dcnsity. — Table  V  gives  a  summary  of  the  displace- 
ments for  the  furnace  at  8  atmosj)hcres  under  various  conditions, 

'  Loc.  cit. 

*  Philosophical  Magazine  (6),  21,  400,  191 1. 
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the  furnace  tube  bein^  used  without  jacket  in  order  to  ehminate 
any  etTect  due  to  vapors  given  otT  by  the  jacketinj^  materials  in  the 
presence  of  oxygen.  Compressed  air  was  used  throughout.  On 
account  of  the  tube  rapidly  becoming  thinner  when  fully  exposed 
to  the  air,  some  ditViculty  was  found  in  keeping  the  temperature 
approximately  constant,  which  atTected  the  clearness  of  the 
reversals.  The  plates  were  thus  not  so  satisfactory  for  measure- 
ment as  those  for  which  the  jacket  was  used,  and  the  deviations  of 
small  size  from  the  values  given  in  Table  II  are  probably  to  be 
ascribed  to  this  cause.  From  one  to  four  good  plates  were  measured 
for  each  condition  summarized  in  Table  V. 


TABLE  \' 

Pressure  Displacements  for  Iron  at  8  Atmospheres  uxder  \'arvixg 

Conditions  of  the  Fur.nace 


Tube  20  or 

25  CM  Long 

S  OR  6  .  4  CM 

From  Table  II 

Small  .\mount 
of  Fe 

Fe  with  Ca 
and  XaCl 

Small  .•\mount 

of  Fe  with  Ca 

and  NaCl 

Tube 

5269.723 

...! 

0.044 

0.036 

0.038 

0.037 

5328 

23b 

0 .  043 

0.043 

0.044 

0.041 

0  039 

5371 

734 

0.041 

0.043 

0.040 

0.041 

0.038 

5397 

344 

0.042 

0.044 

0.040 

0.045 

0.045 

5405 

989 

0.041 

0.043 

0.037 

0.041 

0.039 

5429 

911 

0.044 

0.044 

0 .  040 

0.040 

0.042     * 

5434 

740 

0.036 

0.044 

0.033 

0.037 

0.039 

5447 

130 

0.047 

0.042 

0.038 

0.042 

0.038 

5455  834 

0.040 

0.042 

0.035 

0.039 

Mean.  .  . 

....          0 . 04 I 8 

0.0432 

0.0381 

0 . 0406 

0.0396 

Plates  taken  without  the  jacket  for  the  regular  size  of  tubes  and 
usual  amount  of  iron  gave  means  very  close  to  those  of  Table  II; 
so  the  first  column  of  displacements  is  taken  directly  from  Table  II 
and  used  for  comparison  with  the  values  for  the  special  conditions 
in  which  no  jacket  was  employed. 

A  very  Httle  iron  (about  0.05  gram  as  compared  with  2  grams 
or  more  generally  used)  gave  lines  unreversed,  but  of  good  quahty 
for  measurement.  The  displacements  for  the  several  lines  agreed 
very  closely  as  is  seen  in  the  third  column  of  Table  V,  the  mean 
being  close  to  the  general  mean  of  Table  II.     The  furnace  thus 
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confirms  the  conclusion  that  has  been  drawn  by  a  number  of 
observers  of  the  arc  under  pressure  that  displacement  is  not 
dependent  on  the  quantity  of  the  metallic  vapor  present. 

4.  Ejject  oj  foreign  vapors. — In  a  long  column  of  vapor  such  as 
that  given  by  the  furnace  tube,  irregular  refraction  effects  are  pos- 
sible, which  may  under  certain  conditions  give  a  displacement  of 
the  lines  to  the  red.  In  the  usual  operation  of  the  furnace,  with 
the  jacket  about  the  tube,  the  spectrum  showed  that  a  consider- 
able amount  of  calcium  and  sodium  was  present,  presumably  given 
off  by  the  carborundum  and  graphite,  and  in  order  to  see  if  the 
displacement  was  affected  thereby,  an  attempt  was  made  to 
increase  the  effect  by  introducing  a  large  quantity  of  metallic  cal- 
cium and  sodium  chloride  with  the  iron.  To  insure  maximum 
effect  during  the  pressure  exposure,  these  were  put  into  the  tube, 
by  removing  the  window-holder,  after  the  first  comparison  exposure 
in  vacuum  had  been  made.  A  brilliant  banded  spectrum  from  the 
calcium,  together  with  very  widely  reversed  D  lines,  attested  the 
presence  of  a  dense  vapor  from  these  substances,  especially  in  the 
earlier  stages  of  the  furnace  run.  Some  of  the  photographs  under 
these  conditions  were  rather  difficult  to  measure,  the  reversals 
appearing  as  if  an  unsteady  distribution  of  the  vapor  had  existed 
during  the  exposure,  which  may  have  been  due  to  disturbances 
other  than  refraction.  I  am  not  prepared  to  say  that  anomalous 
dispersion  does  not  enter  in  some  degree  when  a  mixture  of  this 
sort  is  present  in  the  tube,  but  such  effect  as  there  is  on  the  dis- 
placements is  in  the  direction  of  lower  values;  so  that  the  generally 
high  values  of  the  furnace  as  compared  to  the  arc  are  not  explained 
by  an  influence  of  this  sort.  Tubes  with  25  cm  heated  between  the 
contact  blocks  were  used  for  some  of  these  tests.  The  mean  dis- 
placements obtained  arc  given  in  the  fourth  and  fifth  columns  of 
Table  \',  the  latter  column  giving  the  results  when  a  very  little  iron 
was  used  with  the  calcium  and  sah.  The  deviation  of  the  means 
from  the  value  in  column  two,  in  view  of  the  character  of  the  lines,  is 
not  large  enough  to  indicate  a  real  effect  on  the  displacement. 

5.  llic  use  of  short  lubes.  -The  method  of  using  tubes  of  about 
one-fourth  the  regular  length  was  described  on  p.  186.  If  the  length 
of  the  column  of  va|)()r  were  an  es.sential  factor  in  determining  the 
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displacement,  a  decided  dilTerence  should  have  appeared  for  these 
tubes.  The  vapor-density  was  kept  closely  comjiarable  with  that 
for  the  lon^  tubes  by  usinjf  a  (juantity  of  iron  j)roportional  to  the 
length  of  -the  tube,  'i'he  results  arc  given  in  the  linal  column  of 
Table  \'.  A  dilTerence  of  only  5  per  cent  appears  between  this 
mean  and  that  in  the  second  column,  so  that  the  length  of  the  tube 
can  be  regarded  as  without  decided  effect  on  the  displacement. 


fOMPARISUX    WITH    THE   ZEEMAN   EFFECT 

A  comparison  of  the  pressure  displacements  with  the  separations 
produced  by  a  magnetic  field  for  the  lines  considered  in  the  present 
paper  offers  little  eWdence  in  support  of  a  close  connection  between 
the  two  phenomena. 

The  magnetic  separations  for  the  iron  and  titanium  lines  have 
been  published  by  the  writer'  and  those  for  vanadium  by  Mr. 
Babcock.^ 

The  iron  lines  of  Table  I  show  triplet  separation  in  the  magnetic 
field  with  the  exception  of  /A  4251  and  4294  which  are  complex. 
The  remaining  lines,  including  /  4415  which  may  have  more  than 
three  components,  have  the  following  values  of  the  separation 
divided  by  the  square  of  the  wave-length  for  a  field  of  16,000 
gausses: 


A 

AA/A« 

A 

AA/A> 

4271-934 
4308.081 

4325  939 
4376.107 
4383  720 

1.868 
1.724 
1.309 
2.  214 
1-727 

4404-927 

4415-293 

4427.482 

I     4461.818 

I  .720 

1-734 
2-194 
2.185 

These  measurements  for  the  separations  are  all  of  high  weight. 
AA  4376,  4427,  and  4462  are  seen  to  have  magnetic  separations  of 
equal  magnitude,  this  separation  being  distinctly  larger  than  those 
of  the  remaining  triplets  in  the  list.  Their  pressure  displacements 
in  the  furnace,  however,  are  about  half  as  large  as  those  of  the  other 

'  Papers  from  the  Mount  Wilson  Solar  Observatory,  Vol.  II,  Pt.  i;  Carnegie  Insti- 
tution PiMication  Xo.  153,  191 2. 

'Contributions  from  the  Mount  Wilson  Solar  Observatory,  Xo.  55;  Astrophysical 
Journal,  34,  209,  191 1. 
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lines.  The  relative  effects  of  pressure  and  of  the  magnetic  field  are 
thus  opposite  for  the  two  groups  of  triplets  in  this  list. 

The  iron  lines  of  Table  II,  which  agree  among  themselves  as  to 
pressure  displacement,  show  a  variety  of  magnetic  separations,  all 
of  them  complex  with  the  exception  of  /  5434 .  740,  which  is  unaf- 
fected by  the  magnetic  field.  There  is  therefore  no  clear  basis  for 
comparison  of  the  two  effects.  The  case  is  similar  for  the  titanium 
lines  of  Table  III,  the  displacements  being  of  about  equal  magni- 
tude, while  the  magnetic  separation  varies  from  an  unaffected  line 
(A  4295.914)  to  those  having  from  8  to  12  components. 

The  vanadium  lines  of  Table  IV  show  two  groups  of  four  lines 
each  {X  4330-A  4353  and  /  4577-/  4594)  which  have  about  half  of 
the  average  displacement.  These  8  lines  are  all  given  as  show- 
ing triplet  separation  in  the  magnetic  field,  as  do  25  other  lines  in 
Table  IV.  The  average  value  of  A/  /^  for  20,000  gausses  is  i  .81 
for  the  8  small-shift  lines  and  2.55  for  the  25  lines  having  larger 
displacements.  The  effects  of  pressure  and  of  the  magnetic  held 
are  thus  in  the  same  direction  for  these  groups. 

The  data  here  given  do  not  materially  alter  the  general  situation 
as  to  the  relation  of  the  pressure  and  Zeeman  effects,  since  the 
writer  has  shown'  that  no  close  correspondence  exists  between  the 
effects  for  individual  lines  or  even  small  groups,  a  general  agree- 
ment as  to  relative  magnitude  becoming  apparent  only  when  the 
means  of  large  numbers  of  lines  are  considered. 

THE    RELATION   OF   DISPL.ACEMENT   TO    WAVE-LENGTH 

One  or  two  points  concerning  the  iron  lines  of  Tables  I  and  II 
may  be  referred  to  here,  though  the  number  of  lines  is  small  for  a 
discussion  of  the  relation  to  the  wave-length.  The  average  dis- 
placement per  atmosphere  of  the  lines  from  /  5300  to  /  5500  is  but 
little  larger  than  for  the  lines  showing  the  larger  shifts  in  the  region 
/  4200  to  /  4500.  The  displacements  of  the  three  lines  in  Table  I 
showing  small  shifts,  however,  are  related  to  the  (lisjilacements  of 
the  lines  in  Table  II  very  nearly  as  the  third  i)ower  of  the  wave- 
length, a  relation  which  was  found  by  (iale  and  Adams^  to  hold  for 

^  Contributions  from  the  Mount  Wilson  Solar  Observatory,  \o.  4O;    Astrophysical 
Journal,  31,  433,  19 10. 
'  Loc.  cit. 


PRESS r RE  rrox  electric  fcrxace  spectra       207 

the  mean  displacements  of  iron  lines  in  the  arc  through  a  long 
range  of  the  spectrum.  'IMie  ratio  of  the  cubes  of  the  mean  wave- 
lengths for  the  two  regions  would  recjuire  a  displacement  of  0.023  -^ 
at  8  atmospheres  for  AA  4376.  4427,  and  4462,  a  value  slightly 
higher  than  that  given  for  these  lines  in  Table  I. 

The  chief  significance  of  this  result,  in  the  writer's  oj)inion,  lies 
in  the  fact  that  the  three  blue  lines  are  very  similar  to  the  lines  of 
Table  II  in  their  response  to  temperature  excitation  of  the  furnace. 
At  low  temperatures  they  are  relatively  strong  as  compared  to  the 
other  lines  in  Table  I,  and  the  similarity  holds  for  their  appearance 
in  the  arc.  where  these  low  temperature  lines  are  usually  sharp  and 
reverse  with  difficulty.  The  unstarred  lines  of  Table  I  are  less 
comparable  in  general  behavior  with  those  of  Table  II.  since  they 
are  strong  under  all  conditions  and  are  susceptible  to  pronounced 
widening  and  reversal  in  the  arc.  The  lack  of  distinct  change  in 
the  displacements  of  such  lines  with  the  wave-length  seems  less 
significant  than  the  approximate  third-power  variation  for  lines 
showing  the  same  sort  of  response  to  temperature. 

THE  DIFFERENCE  OF  FURN.A.CE  AND  .ARC  DISPLACEMENTS  CONSIDERED 
IN   CONNECTION    WITH    WIDENING    PHENOMENA 

It  is  apparent  in  Tables  I  to  IV  that  there  is  a  consistent  dilTcr- 
ence,  usually  of  about  80  per  cent,  between  the  displacements  per 
atmosphere  of  groups  of  lines  given  by  the  furnace  and  arc  which 
as  a  rule  are  fully  comparable  as  to  accuracy  of  measurement  in  the 
two  sets  of  spectra.  Naturall\-  there  are  individual  cases,  some  of 
which  have  been  noted,  where  the  quality  of  the  lines  for  measure- 
ment is  better  in  one  source  than  in  the  other,  but  this  can  scarcely 
exert  any  effect  on  the  general  result.  The  precautions  taken  to 
make  instrumental  conditions  as  much  alike  as  possible  for  furnace 
and  arc  observations  made  in  this  laboratory  have  been  described. 
As  a  guard  against  personal  differences  in  measurement.  Miss  Lasby, 
who  took  part  in  the  reduction  of  the  pressure-arc  photographs,  has 
kindly  measured  several  of  the  furnace  plates,  with  the  result  that 
no  systematic  ditTerence  in  values  can  be  ascribed  to  the  method  of 
measurement.  The  possible  influence  of  unsymmetrical  widening 
has  been  carefully  considered,  but  this  appears  to  explain  but  little 


2o8  ARTHUR  S.  KIXG 

of  the  effect,  largely  because  most  of  the  lines  listed  here  do  not 
seem  to  widen  unsymmetrically  in  any  source.  The  reversals  have 
occasionally  been  obtained  very  narrow  compared  to  the  total 
width  of  the  line  for  pressures  of  i6  atmospheres  or  more  (see  for 
example  /  5371  in  Xo.  6  of  Plate  XII).  In  such  cases  a  widening 
of  the  reversal  toward  the  red  which  could  affect  the  measurement 
would  be  accompanied  by  a  very  pronounced  dissymmetry  of  the 
line  as  a  whole. 

The  various  modifications  of  the  furnace  which  have  been  tried 
have  proved  ineffective  in  producing  a  distinct  difference  in  the 
mean  displacement  of  the  lines.  For  most  of  the  differences  between 
the  radiation  conditions  of  furnace  and  arc.  however,  it  is  difiticult 
to  bridge  fully  the  gap  between  the  two  sources. 

It  is  now  desired  to  call  attention  to  a  difference  in  the  structure 
of  furnace  and  arc  Hnes  which  I  beheve  may  furnish  the  key  to 
their  different  displacements.  I  have  always  observed  in  furnace 
spectra  a  certain  ''softness"  in  the  appearance  of  the  lines.  As 
compared  to  arc  lines  photographed  on  the  same  plate,  the  furnace 
lines  have  a  more  uniform  intensity  over  their  width,  so  that  for 
the  same  width  in  the  negative  the  furnace  lines  are  less  dense  than 
those  of  the  arc.  This  indicates  a  flatter  intensity-curve  for  the 
furnace  lines,  a  smoothing  down  of  the  central  maximum,  which 
seems  to  be  different  in  character  and  more  fundamental  than  a 
widening  produced  by  changes  in  the  quantity  of  vapor  present. 

The  furnace,  except  when  used  for  pressure  experiments,  has 
generally  been  operated  in  a  partial  \acuum  to  avoid  oxidation, 
and  even  this  condition,  which  favors  the  narrowness  of  furnace 
lines  as  compared  to  those  given  by  the  arc  in  open  air,  showed  this 
relatively  large  width  of  lines  in  the  furnace  spectrum.  In  order 
to  make  a  closer  comparison  of  the  widening  in  furnace  and  arc,  a 
special  set  of  photographs  was  made  for  the  iron  and  titanium  lines 
whose  pressure  displacements  are  studied  in  this  paper.  The 
furnace  was  excited  at  atmospheric  pressure,  the  outlet  valve  being 
left  open.  Then  a  number  of  exj)()sures  were  made  on  the  same 
plate  with  the  arc  in  ojjen  air  for  currents  ranging  from  2  to  20 
amperes,  the  exposure  times  being  graduated  to  make  the  various 
arc  spectra  of  about  equal  intensity.     A  change  in  current  seems 
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to  be  the  most  etTcctivc  means  of  increasing  the  widening  of  arc 
lines  when  plenty  of  the  substance  is  ready  to  be  vaporized,  as  when 
metallic  terminals  are  used.  As  we  cannot  get  at  the  relative 
quantity  of  vapor  per  unit  volume  in  the  furnace  and  arc  under 
given  ci)nditions,  the  two  sources  are  best  made  com[)arable  by 
having  the  metal  abundant  in  each,  as  was  done  by  placing  a  large 
amount  of  powdered  iron  or  titanium  in  the  furnace  tube  and  using 
as  arc  terminals  iron  rods  or  carbons,  of  which  the  lower  held  a 
large  quantity  of  titanium  carbide. 

Plate  XIII  shows  portions  of  the  iron  and  titanium  spectrum  con- 
taining the  lines  of  Tables  II  and  III  as  given  by  the  furnace  at 
atmospheric  pressure  and  by  the  arc  in  air  at  20,  10,  and  2  amperes. 
Width  of  slit  and  all  adjustments  of  the  spectrograph  were 
unchanged  during  each  series  and  the  negative  was  copied  on  a 
single  plate,  effects  of  this  sort  being  very  sensitive  to  differences  in 
photographic  contrast.  The  first  set  of  spectra  shows  the  iron  arc 
at  20  amperes  giving  about  the  same  degree  of  reversal  as  the 
furnace,  AA  5269,  5328.  and  5371  being  reversed.  None  of  the  lines 
are  rev-ersed  in  the  arc  at  10  amperes  or  less.  It  is  seen  that  the 
furnace  lines  are  wider  than  those  of  the  arc  even  for  20  amperes, 
while  the  negative  shows  the  arc  Hues  to  be  slightly  the  blacker. 
Another  negative,  not  so  favorable  for  reproduction,  shows  a 
furnace  spectrum  having  lines  of  the  same  width  as  arc  lines  which 
are  twice  as  black. 

The  lower  part  of  Plate  XIII  shows  the  two  portions  of  the 
titanium  spectrum  measured  in  Table  III.  The  enlargements  are 
made  from  the  same  negative,  the  furnace  spectrum  at  atmospheric 
pressure,  together  with  arc  spectra  at  20,  10,  and  2  amperes,  being 
arranged  as  for  the  iron  series  above.  Several  of  the  stronger 
lines  show  the  beginnings  of  reversal  in  the  furnace,  such  lines 
being  distinctly  reversed  in  the  arc  at  20  amperes,  but  not  for  10 
amperes.  The  greater  width  of  the  furnace  lines  in  proportion  to 
their  density  when  compared  to  the  arc  lines  is  very  distinct.  The 
appearance  of  the  furnace  lines  is  approached  most  nearly  by  the 
arc  at  20  amperes,  but  even  then  the  widening  conditions  in  the 
arc  are  not  as  strong  as  in  the  furnace. 

The  furnace  was  not  used  at  atmospheric  pressure  for  vanadium, 
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but  the  difference  in  structure  of  furnace  and  arc  lines  is  shown  by 
comparing  the  arc  spectrum  of  vanadium  in  Plate  XI  with  the 
vacuum  furnace  photograph  immediately  below  it,  used  as  com- 
parison for  that  at  8  atmospheres  pressure,  arc  and  furnace  expo- 
sures being  on  the  same  plate.  Even  in  vacuum,  the  furnace  gives 
broad  lines,  easily  reversed,  in  contrast  to  the  narrow,  dense 
structure  of  the  corresponding  lines  in  the  arc. 

It  would  seem,  therefore,  that  we  have  consistent  experimental 
evidence  of  a  tendency  of  the  furnace  to  produce  lines  wider  in 
proportion  to  their  density  than  are  given  by  the  arc,  at  least  for 
the  moderate  currents  usually  employed  in  pressure-arc  work. 
The  apphcation  to  the  displacement  question  is  that  if  the  radiation 
of  the  furnace  is  such  as  to  give  lines  which  are  wide  in  proportion  to 
their  density,  then  since  widening  and  displacement  are  inseparably 
bound  together  when  -pressure  is  acting,  the  furnace  lines,  being  more 
susceptible  to  the  widening  influence,  should  also  respond  more  readily 
to  the  displacing  action  of  pressure.  Again  it  must  be  borne  in  mind 
that  this  widening  refers  to  a  change  in  the  intensity-curve  for  a 
given  line,  not  to  the  general  strengthening  and  proportional 
widening  which  results  from  greater  vapor-density. 

It  is  not  clear  why  the  radiation  conditions  of  the  furnace  should 
give  lines  of  large  absolute  width,  and  the  theory  of  widening,  so 
far  as  worked  out,  gives  Httle  aid  in  the  explanation;  but  experi- 
ment shows  the  action  of  the  furnace  to  be  in  this  direction.  It  is 
evident,  however,  that  the  conditions  of  emission  and  absorption 
in  the  furnace  tube  will  account  for  some  features  in  the  appear- 
ance of  the  lines.  Reversal  certainly  takes  place  easily  in  the 
furnace  for  most  of  the  lines  considered  in  this  paper.  It  follows 
that  such  lines  when  unreversed  will  have  the  peak  of  the  emission- 
curve  flattened  to  a  greater  or  less  extent  by  absorption.  An 
ai)|)roach  to  uniform  density  across  the  width  of  the  furnace  line 
woulfl  then  result,  especially  as  there  is  some  variation  in  the  con- 
dition of  the  vapor  during  the  exposure  time  required  for  these 
large  scale  photographs.  This  relation  of  emission  and  absorption, 
together  with  a  width  of  line  approached  in  the  arc  only  for  high 
current-strength,  form  the  distinguishing  characteristics  of  the 
furnace  lines. 


PRESS  [RE  rPO\  ELECTRIC  FCRXACE  SPECTRA  21 1 

It  seems  to  me  probable  that  such  other  apparent  variations  of 
pressure  displacement  in  dilTerent  sources  as  have  been  observed 
may  well  be  based  on  this  ability  of  a  source  to  give  widened  lines 
when  such  widening  depends  upon  features  of  the  source  other  than 
vapor-density.  Gale  and  Adams'  obtained  consistently  larger 
mean  displacements  for  a  number  of  lines  in  the  titanium  spark, 
than  were  given  by  the  arc.  We  have  again  the  experimental  fact 
that  lines  are  wider  in  the  spark  than  in  the  arc.  Gale  and  Adams 
also  note  that  these  titanium  lines  reverse  more  widely  in  the  spark, 
though  usually  symmetrically.  The  decidedly  larger  displacements 
of  enhanced  lines  given  by  the  spark  may  be  based  on  the  same 
cause,  since  for  such  lines  the  widening  influence  of  the  spark 
discharge  has  a  ma.ximum  effect. 

The  mechanism  by  which  the  furnace  gives  relatively  wide  lines 
must  be  quite  different  from  that  acting  in  the  spark,  where  the 
widening  depends  upon  the  disruptiveness  of  the  discharge  and  the 
lines  can  be  made  very  narrow  by  the  use  of  self-induction  in  the 
circuit. 

According  to  the  above  hypothesis,  any  light-source  whose 
radiation  is  such  as  to  give  widened  lines  should  give  relatively 
large  pressure  displacements.  A  very  high-current  arc  should  give 
larger  displacements  than  an  arc  with  low  current.  Also,  it  should 
be  possible  to  vary  spark  displacements  by  gradually  taking  out 
self-induction  and  increasing  the  capacity.  Xo  systematic  e.xperi- 
ments  on  these  points  have  been  carried  out.  and  in  any  case 
comparative  measurements  would  be  difficult  by  reason  of  the 
large  difference  in  the  character  of  the  Unes  produced  by  very 
diverse  conditions  of  the  same  source.  For  sources  widely  different 
in  nature,  as  are  the  arc  and  the  furnace,  differences  in  radiation 
can  exert  their  full  effect  and  still  lines  can  be  obtained  in  the 
spectrum  of  each  whose  measurements  are  full}'  comparable. 

SUMM.ARY 

The  leading  results  of  this  investigation  are  as  follows: 

I.  Sufficient  material  has  been  collected  to  give  measurements 

of  fairly  high  weight  for  the  displacements  of  certain  groups  of  lines 

in  the  iron,  titanium,  and  vanadium  spectra. 

'Op.  cil.,  p.  41- 
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2.  The  measured  displacements  of  iron  lines  for  pressures  from 
I  to  24  atmospheres  and  for  titanium  and  vanadium  lines  for  8  and 
16  atmospheres  as  compared  to  vacuum  show  a  close  proportionality 
between  displacement  and  pressure  for  these  ranges. 

3.  The  pressure  effect  in  absorption  has  been  developed  as  a 
useful  method  for  certam  kinds  of  lines,  giving  displacements  in 
general  of  the  same  magnitude  as  for  emission  lines. 

4.  Temperature  differences  of  at  least  500°  C.  for  a  pressure  of 
20  atmospheres  have  failed  to  show  a  definite  variation  of  displace- 
ment with  the  temperature. 

5.  Variations  in  quantity  of  vapor  present  and  in  length  of  tube, 
also  the  addition  of  foreign  vapors,  have  not  appeared  to  affect  the 
furnace  displacements. 

6.  Some  additional  data  have  been  secured  regarding  the  degree 
of  correspondence  between  displacement  and  magnetic  separation. 

7.  A  few  iron  lines  affected  similarly  by  temperature-changes  are 
compared  in  regard  to  change  of  displacement  with  wave-length. 

8.  The  furnace  has  in  general  given  displacements  much  larger 
than  those  of  the  arc.  and  a  special  study  has  been  made  of  the 
structure  of  furnace  and  arc  lines  which  it  is  believed  may  con- 
tribute to  an  explanation  of  this  difference. 

I  am  indebted  to  Miss  Sheldon  for  regular  assistance  in  measur- 
ing the  photographs,  also  to  Miss  Lasby  for  check  measurements 
on  several  plates. 

Mount  Wilson  Solar  Observatory 
February  191 2 
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ky  a.  cotton 

In  the  Astro  physical  Journal  of  December  191 1  (34.  212),  J.  E. 
Purvis  calls  attention  to  the  fact  that  the  absolute  values  of  the 
Zeeman  efifect  for  four  chromium  lines  given  by  himself  and  b\' 
Miller,  W.  Hartmann,  and  by  Babcock,  are  not  at  all  in  agreement. 
I  propose  to  show  that  tJiis  disagreement  arises  chiefly  from  the 
measurement  of  the  magnetic  fields  used,  and  to  call  the  attention 
of  physicists  to  the  precautions  which  must  be  taken  in  order 
to  render  the  measurements  made  in  ditTerent  laboratories  com- 
parable with  one  another. 

Let  me  say  first  of  all  that  Purvis  utilizes  ^liller's  measurements 
in  accepting  the  value  of  the  field  as  23,850  units,  given  in  the 
author's  paper.  But  ]\Iiller  had  never  measured  directly  the  mag- 
netic fields  that  he  used.  Like  several  other  physicists,  Moore, 
Jack,  etc.,  he  calculated  the  value  of  the  fields  that  he  used  on  the 
basis  of  the  magnetic  separation  of  the  series  lines  studied  by 
Runge  and  Paschen. 

Now,  in  their  beautiful  pieces  of  work^  these  scientists  had  not 
proposed  to  make  absolute  measurements  themselves.  A  measure- 
ment by  Farber  on  the  blue  lines  of  zinc  had  led  them  to  estimate 
provisionally  at  23,850  units  the  field  which  the}-  used  for  the  study 
of  the  lines  of  mercury  and  which  was  afterward  taken  as  a  com- 
parison field  by  several  physicists. 

P.  Weiss  and  I  published  in  1907^  the  results  of  an  absolute 
measurement  of  the  Zeeman  effect  for  these  lines.  The  magnetic 
fields  used  had  been  measured  with  care  by  two  distinct  methods; 
the  plates  were  measured  separately  by  the  two  collaborators,  care 
being  taken  to  make  the  measurements  on  different  parts  of  the 
lines  studied  so  as  to  avoid  the  influence  of  the  grain  of  the  photo- 
graphic plates.     The  result  obtained  differed  notably  from  that  of 

'  Translated  from  advance  proof  slieets  from  Journal  dc  physique,  sent  by  the 
author. 

'Runge  and  Paschen,  Aslrophysical  Journal,  15,  235,  1902;  15,  ^1,^.  1902;  16, 
123,  1902. 

i  Journal  de  physique  (4),  6,  429.  1907. 
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Farber:  wc  have  explained  the  variation,  which  is  more  than  3 
per  cent,  by  examining  critically  the  method  adopted  by  Farber 
for  measuring  the  fields;  the  bismuth  spiral,  which  he  used  as 
intermediary,  gi\-es  a  quickly  determined  rough  value  of  the  field, 
but  would  require,  in  order  to  obtain  precise  results,  precautions 
that  are  not  taken. 

The  result  of  our  measures  was  as  follows :  Let  us  call  S(X)  the 
difference  between  the  outer  components  of  these  lines  separated 
by  the  field,  for  example,  the  difference  between  the  outer  com- 
ponents of  the  pure  triplet  given  by  the  line  4680;  we  have,  using 
the  electromagnetic  C.G.S.  units,  that  is,  expressing  X  and  S(X.)  in 
centimeters  and  //  in  gausses: 

^.=  1.875X10-4 

in  place  of  i  .813  given  by  Farber. 

Our  result  was  completely  confirmed  b\-  the  absolute  measure- 
ments made  at  Tubingen  by  Mile.  A.  Stettenheimcr  and  by 
Gmelin.'  The  latter,  who  also  measured  the  magnetic  fields  by 
two  distinct  methods,  gives  finally  the  value: 

8(A) 
^=1.878X10-4, 

which  differs  from  ours  by  only  about  two  thousandths. 

On  the  other  hand,  we  may  add  that  the  following  fact  brings 
equally  well  an  indirect  confirmation  to  these  measurements.  When 
we  published  our  work  we  assumed  with  Runge  that  the  pure  trip- 
let of  the  line  4680  had  double  the  separation  of  the  normal  triplet 
predicted  by  Lorentz'  elementary  theory.  Our  measurements  on 
the  blue  lines  of  zinc  led,  however,  on  this  assumption,  to  a  value 
of  the  ratio  c/m  of  the  charge  to  the  mass  of  an  electron,  smaller 
by  6  per  cent  than  the  value  then  accepted.  From  the  preceding 
figures  we  may  in  fact  deduce : 

Weiss  and  Cotton =1 .767X10^ 

m 

Gmelin =1 .771X10^ 


m 


Annalen  der  PItysik,  28,  1079,  lyoy. 
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Hut  subsequently  the  direct  measurements  of  the  value  of  e/m 

for  cathode  corpuscles  of  small  velocities  have  shown  that  it  was 

the  value  deduced  from  the  Zeeman  phenomenon  that  was  correct.' 

Here  are  the  results  of  recent  measurements: 

g 

Classen' =  i .  773X  lo' 

m 

Biicherer-Kurt  Wolz^ —  =  i .  767  X  lo^ 

tn 

Malassez-' —  =1.77X107 

in 

Bestelmeyer^ =  i .  75X  lo^ 

ni 

Today,  then,  we  know  more  accurately  the  fields  used  by  Runge 
and  Paschen;  in  their  research  on  the  mercury  spectrum,  the  field 
(the  provisional  value  of  which  was  23,850)  was  in  reality  very  near 
23,000  gausses: 

Weiss  and  Cotton 23,060 

Gmelin 23,010 

The  other  field  (the  value  of  which  was  assigned  as  31,000),  to 
which  are  referred  the  results  derived  by  the  same  authors  for  the 
spark  spectra,  ought  to  be  reduced  in  the  same  proportion,  which 
would  bring  it  down  to  about  29,900  gausses: 

Weiss  and  Cotton 29,975 

Gmelin 29,910 

When  the  results  given  by  Miller,  Jack,  etc.,  are  compared  with 
measurements  where  the  magnetic  field  was  determined  directly,  it 
is  necessary,  then,  to  remember  that  the  numbers  given  refer  to 
a  field  of  23.000  gausses  and  not  of  23,850.  For  the  same  reason 
the  results  given  by  B.  E.  Moore*  refer  to  a  field  of  23,600  gausses 
and  not  to  a  field  of  24.450.     Afoore  himself  had  taken  care  to 

'  Weiss  et  Cotton,  Comples  Retidus,  147,  968,  1908. 

'  Physikalischc  Zeitschrift,  9,  768,  1908. 

^  Annalen  der  PItysik,  30,  288,  1909. 

*  Annates  de  Cfiimie  et  de  Physique,  23,  424,  iqi  i. 

s  Physikalischc  Zeitschrift,  12,  974,  191 1. 

*>  Astro  physical  Journal,  28,  8,  1908;   30,  143,  1909;   32,  385.  1911. 
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point  out  that  later  absolute  measurements  would  make  it  possible 
to  increase  the  precision  of  the  value. 

If  we  make  this  correction  for  ^Miller's  results,  which  Pur\is 
cites,  we  hnd  that  they  approach  those  found  by  Babcock.  But 
this  correction  only  accentuates  the  difference  between  the  results 
of  Pur\is  and  those  of  Miller.  I  had  already  noticed  this  differ- 
ence, and  called  attention  to  the  fact  that  the  measurements  of 
Purvis,  which  are  fully  stated  elsewhere'  and  are  very  interesting, 
were  not  directly  utilizable  excepting  as  relative  values,  because 
the  value  of  the  magnetic  field  adopted  (39,980)  is  certainly  much 
too  high.  As  Purvis,  in  his  note,  states  that  he  has  no  doubt  of 
the  absolute  value  of  this  field,  without  giving  the  details  of  the 
method  which  he  used  to  measure  it,  I  wall  point  out  the  way  in 
which  it  can  be  calculated  indirectly,  starting  from  different 
measurements  made  by  Purxis  on  his  plates. 

1.  In  his  work  on  the  lines  of  the  elements  Pb,  S?k  Sb,  Bi,  and 
Au,  Pur\-is  has  had  occasion  to  measure  the  magnetic  separations 
of  the  two  lines  /  3383  of  silver  and  A  3274  of  copper  which  behave 
like  the  Di  line  of  sodium.  Comparing  the  distance  of  the  four 
components  of  these  quadruplets  with  those  found  by  Runge  and 
Paschen,  I  obtain  for  the  value  of  the  field  30.800  instead  of  39,980. 

2.  In  his  work  on  the  lines  of  the  elements  Ti,  Cr,  and  Mn, 
Purvis  has  measured  the  pure  triplet  given  by  the  line  A  4274.9. 
This  triplet  is  given  by  Miller  as  having  double  the  normal  separa- 
tions; Dufour  (unpublished  measurement)  working  independently 
has  verified  this  result.^  Assuming  this,  I  calculate  for  Purvis' 
field  29,800. 

3.  In  the  same  work  Purvis  gives  the  results  of  several  measure- 
ments on  the  lines  of  zinc,  magnesium,  and  cadmium  (second  sub- 
ordinate series).  Purvis  does  not  state  expressly  that  the  current 
was  regulated  to  the  same  value  as  in  the  rest  of  the  work.  Assum- 
ing that  it  was,  I  find  29,600  approximately,  using  the  absolute 
measurements  previously  stated  for  these  lines. 

•  Cambridge  Transactions,  20,  193,  1906;  Proceedings  Cambridge,  13,  82,  325,  354, 
1906;   Proceedings  Cambridge,  14,  43,  217,  1907. 

'  This  line  constilulcs  a  j)arl  of  a  natural  triplet  of  chromium  which  we  find  again 
in  the  ultra-violet.  I  wi.sh  to  call  attention  here  to  the  fact  that  the  two  other  lines 
which  inclose  it  do  not  give,  as  was  supposed,  pure  triplets  (Babcock,  Astrophysical 
Journal,  33,  382,  191 1). 
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4.  Finally,  it  is  not  only  for  the  four  lines  of  chromium  cited  by 
Purvis  that  the  results  vary  considerably  from  those  of  Miller. 
For  the  other  triplets  of  chromium  and  for  the  triplets  of  manga- 
nese, the  same  systematic  disagreement  is  found.  Comparing  the 
values  of  the  separations  given  for  20  triplets  of  these  two  sub- 
stances, the  ratio  between  the  tield  used  by  Purvis  and  the  one 
(23,000)  to  which  Miller's  results  are  referred,  may  be  estimated. 
Thus  I  find  again  for  Purvis'  field  29,900:  the  relative  values  of  the 
chromium  Hnes  alone  would  give  only  28,500.  Assuming  this  last 
value  for  the  field,  the  results  would  agree  with  those  of  Miller  and 
Babcock. 

It  is  seen  from  this  wh\-,  in  the  table  of  several  measurements 
on  the  Zeeman  efTect  that  I  prepared  for  the  tables  of  the  Societe 
frangaise  de  physique/  I  stated  that  the  results  given  by  Purx-is 
are  obtained  not  with  a  field  in  the  neighborhood  of  40,000  but  of 
about  30,000  only.  Moreover,  to  obtain  in  the  interspace  used  by 
Purvis  (pole-pieces  terminated  by  disks  7  mm  in  diameter,  4  mm 
apart)  a  field  of  40,000,  it  would  be  necessary  with  the  best  iron 
obtainable  to  have  a  large  instrument  like  the  Weiss  electro- 
magnet, and  Purvis  would  certainly  have  indicated  the  diameter 
of  the  cores  in  this  case. 

When  we  \ex\i\  in  this  way  systematic  differences  between  the 
results  obtained  by  two  different  observers,  we  are  led  to  suspect 
that  it  is  the  measurement  of  the  magnetic  field  that  is  its  cause. 
Differences  as  great  as  in  the  case  of  Purvis  are  never  found;  but 
there  are  other  examples  where  the  differences  in  the  values  of 

-^  reach  ^  per  cent  or  even  10  ix-r  cent.     Thus  the  results  of 
/A' 

Hartmann  on  chromium  are  smaller  than  the  others;    it  is  quite 

probable  that  the  direct  measurement  of  the  field  (made  b\-  an 

induction  method)    explains  here  again  the  variations  from  the 

results  of  other  physicists.     In  fact,  the  comparison  of  Hartmann's 

figures  with   those  just  obtained  at  the  Zeeman    laboratory,   by 

Mme.  I.  M.  Graftdijk  on  another  spectrum,  that  of  nickel,  leads  to 

the  same  conclusion:    the  magnetic  i'lelds  given  by  Hartmann  are 

a  little  too  large. 

•  A.  Cotton,  Le  radium,  8,  42,  lyi  i. 
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How  may  we  avoid  in  the  future  similar  difficulties  in  the  com- 
parisons— difficulties  which  take  away  part  of  their  value  from  the 
results  of  measurements  that  require  much  time  and  patience  ?  It 
would  suffice  to  put  greater  care  on  the  determination  of  the  mag- 
netic fields.  This  measurement  can  be  made  indirectly,  utilizing 
the  measurements  on  the  zinc  lines  for  which  the  absolute  measure- 
ments have  furnished  results  practically  identical;  it  is  this  process 
that  is  actually  employed  at  the  Zeeman  laboratory;'  it  is  also  the 
one  that  Stefan  Rybar^  employed  in  some  recent  work  at  Gottingen. 
fhis  optical  measure  of  the  field  is,  besides,  the  best  for  studying 
the  spark  spectra  obtained  with  electrodes  of  ferromagnetic  metals, 
the  presence  of  which  necessarily  affects  the  fields  studied.  Besides, 
it  can  be  rather  rapidly  used,  and  the  plates  employed  are  suitable 
for  precise  measurements,  if  we  are  careful  to  render  the  lines  very 
fine  with  a  suitable  self-induction  connected  in  the  discharge  circuit 
(Hemsalech).  The  4680  zinc  line,  which  gives  a  pure  triplet,  is  the 
best  line  to  use. 

It  is  not  the  only  one  that  can  be  used;  the  measurements  of 
Runge  and  Paschen,  those  we  made  at  Zurich,  and  those  made  at 
Tubingen  agree  in  showing  that  for  other  series  lines  the  Zeeman 
eft'ect  varies  proportionally  to  the  field  and  can  be  used  to  measure 
it.  But  it  is  essential  to  reduce  as  much  as  possible  the  number  of 
intermediary  lines  that  serve  finally  to  refer  the  measurement  to 
the  measurements  properly  called  absolute.  Each  one  of  these 
comparisons  introduces  a  slight  uncertainty;  should  we,  for 
example,  use  the  simple  relations  established  by  Runge  and  Paschen, 
or  take  careful  account  of  the  very  small  variations  from  these 
simple  laws  which  these  physicists  themselves  find  in  the  different 
measurements  ?  From  this  point  of  view  it  would  be  desirable 
that  the  physicists  who  employ  this  process  indicate  with  precision, 
in  their  articles,  which  lines  they  have  used  and  what  (in  Angstrom 
units,  for  e.\ami)Ie)  are  the  variations  actually  measured  on  the 
plates  used  to  study  the  field.  In  this  manner  we  should  later  be 
able  to  render  still  more  prec  ise  the  results  calculated  for  this  field, 

'  Mmc.  Hil<l  \'an  Mcnr^,  Proceedings  Amsterdam,  11,  223,  1908  (ihise  d'Amstcr- 
(1am);    I.  .M.  (inifldijk  (these  d'Amslenlam,  December,  191 1). 

'  Physikalisclie  Zeilsclirifl,  12,  889,  191 1  (llicsc  dc  Budapest,  1911)- 
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l)rolUin^'  by  the  more  complete  data  that  the  siucecdin^  researches 
will  brin^  to  the  exact  kiK)\vle(lj,'e  of  the  ratio  !)et\veen  the  mapictic 
separations  of  the  different  lines  and  the  absolute  values  themselves. 
The  example  of  Purxis  shows  clearly  that  the  direct  measure- 
ment of  the  field  can  lead  to  errors  when  only  t)ne  method  has  been 
employed  to  make  this  measurement  in  absolute  value.  A  check 
is  always  necessary  to  avoid  errors  which  can  then  escape  even  a 
very  good  physicist.  An  absolute  measurement  is,  besides,  fairly 
difficult,  since  one  should  verify  or  calibrate  the  apparatus  which 
is  used.  The  balance  which  in  particular  P.  Weiss  and  I  used,  a 
further  improved  model  of  which  P.  Seve'  described  recently,  gives 
rapidly,  when  we  have  a  verified  ammeter,  a  very  precise  value  of 
the  field,  provided  the  interspace  between  the  iron  pieces  is  suffi- 
ciently wide.  But  we  employ  more  often  for  the  study  of  the 
Zeeman  effect  pole-pieces  too  small  to  allow  the  direct  use  of  this 
instrument.  It  is  then  necessary  to  use  the  balance  to  calibrate, 
in  a  very  uniform  field,  the  combination  of  a  small  coil  connected 
to  a  ballistic  galvanometer  or  to  a  Grassot  fluxmeter.^  This  last 
apparatus,  once  calibrated,  is  very  convenient^  and  permits  the 
frequent  verification  of  the  field  which  is  being  used.  There  is 
here  a  final  precaution,  necessary  especially  in  researches  extending 
over  long  periods  of  time,  to  which  I  think  it  useful  to  call  attention. 
Usually  the  e.xperimenter  limits  himself  to  measuring  once  for  all 
the  field  for  different  values  of  the  magnetizing  current,  and  seeks 
afterward  to  restore  the  current  to  the  same  value  in  the  magneto- 
optical  measurements,  properly  so  called.  This  process  is  theoreti- 
cally legitimate,  since  for  the  strong  inductions  which  are  used, 
the  errors  coming  from  the  ''previous  history"  of  the  electro- 
magnet are  not  appreciable.     But  it  must  not  be  forgotten  that  it 

»  Com  pies  Rendu  s,  150,  1309,  1910.  \Vc  shall  find  in  S^vc's  paper,  now  in  press, 
details  on  the  use  of  this  instrument,  constructed  by  Pcllin. 

»  Grassot,  Journal  de  physique,  3,  696,  1904  (apparatus  constructed  by  the  com- 
pany for  the  manufacture  of  meters). 

J  Another  method,  suggested  by  Faraday,  would  also  permit  comparing  a  mag- 
netic field,  by  a  ver>-  rapid  and  sure  method,  with  a  standard  field;  we  should  use  the 
properties  of  diamagnetic  or  paramagnetic  crystals,  measuring  simply,  for  example, 
the  periods  of  oscillation.  I  hope  to  come  back  in  the  future  to  this  method  which 
M.  Shve  and  I  have  commenced  to  study. 
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is  assumed  that  during  the  interval  the  ammeter  has  not  been 
atTected,  this  instrument  does  not  contain  magnets  or  springs  that 
can  be  modified  with  tinie,  and  that  it  is  also  assumed  that  the  coils 
of  the  electromagnet  have  remained  well  insulated. 

An  article  by  H.  D.  Babcock,  which  appeared  in  the  December 
191 1  number  of  the  Astro  physical  Journal  (34,  288),  shows  also  that 
the  preceding  remarks  are  not  without  significance,  and  accentuates 
again  the  interest  there  would  be  in  knowing  better  the  absolute 
values  of  the  separations  measured  in  the  different  laboratories. 
Babcock  was  led  by  his  own  measurements  on  chromium  and  on 
vanadium,'  and  by  the  measurements  of  King-  on  titanium  and  on 
iron,  made  also  at  the  Pasadena  laborator\',  to  remark  that  the 
pure  triplets  of  the  non-series  lines,  which  vary,  as  we  know, 
between  large  limits,  are  not.  however,  distributed  at  random,  but 
appear  to  group  themselves  about  certain  favored  values. 

Babcock  did  not  know  that  I  had  myself  called  attention  to 
this  fact,  and  presented  curves  representing  the  distribution  of  the 
displacements  according  to  their  own  size.^  He  finds  again  results 
analogous  to  mine,  but  our  results  are  not  identical,  because 
Babcock  used,  without  correcting  them,  the  values  of  the  magnetic 
field  given  in  the  papers  of  Miller  and  of  Moore.  Hence  the  agree- 
ment, which  he  points  out  between  the  mean  value  of  the  separations 
near  the  principal  maximum  and  the  value  of  the  normal  separa- 
tion, appears  to  me  altogether  accidental.  It  would  in  reality  be 
necessar\-  for  8  of  the  13  spectra  studied  to  increase  by  3  per  cent 
the  values  of  all  the  separations  referred  to  the  unit  field. 

ficOLE   NORMALE   SUP^RIEURE,    PABIS 

'  Conlrihulions  from  the  Monnl  Wilson  Solar  Observatory  Nos.  52  and  55;  Astro- 
physical  Journal,  33,  217,  and  34,  209,  191 1.  The  field  is  measured  b\'  a  bismuth 
spiral. 

^  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  5O;  Astropltysical 
Journal,  34,  225,  191 1. 

J  Soci6t6  franfai.sc  de  physique,  stance  du  7  mai,  u^og,  Bulletin  des  seances,  fasc.  4, 
p.  55,  1909.  Reductions  of  two  of  these  curves  will  be  found  in  Lc  radium,  8,  42,  191 1. 
Mme.  Graftdijk  has  just  published  a  more  complete  study,  from  this  point  of  view,  of 
the  iron  spectra  (138  trijilets),  and  has  published  also  similar  curves  for  nickel  (163 
triplets)  and  for  cobalt  C59  triplets).  Mme.  ( Jraftdijk  finds  also  that  the  first  maximum 
occurs  for  values  exceeding  notably  the  value  for  the  normal  slate.  .She  finds  also  for 
iron,  but  not  for  nickel,  a  maximum  for  a  scp.iration  in  the  neij^hborliood  of  3/2  of 
that  of  the  normal  state. 


STANDARD  WAVE-LEXGTHS  IX  THE  ARC   SPECTRUM 
OF  IRON.  REDUCED  TO  THE  EXTERNA  TIOXAL  UNIT 

I.  FROM  X4282  TO  X5334 
By  F.  (lOOS 
According  to  the  jiUin  of  the  International  Solar  Union'  the 
secondary-'  international  standards  in  the  arc  spectrum  of  iron  are 
to  be  supplemented  by  tertiary  standards,  from  5  to  10  Angstrom 
units  apart,  obtained  from  interpolation  by  means  of  a  grating. 
To  obtain  the  highest  possible  accuracy  this  work  should,  of  course, 
be  done  only  with  the  largest  and  best  concave  gratings;  and  yet 
in  view  of  the  fact  that  many  observers  and  different  methods  are 
needed,  I  decided  to  take  up  the  problem  with  a  comparatively 
small  plane  grating. 

I.  THE  PHOTOGRAPHIC  APPARATUS 

Through  the  courtesy  of  Professor  Ames,  to  whom  I  take  this 
opportunity  of  expressing  my  sincere  thanks,  I  obtained  a  very 
beautiful  two-inch  plane  Rowland  grating,  ruled  with  7000  lines 
to  the  inch.  The  grating  was  mounted  in  the  autocoUimating 
fashion  devised  by  Littrow,  and  in  the  fifth  and  sixth  orders  gave 
good,  bright  images.  The  objective,  by  Hilger.  consists  of  two 
elements  cemented  together  and  achromatized  in  such  a  way  as  to 
give- a  color-curve  which  is  practically  a  straight  line  from  /  4200 
to  A  8000;  the  focal  length  increases  from  194  cm  in  the  violet  to 
197  cm  in  the  red.  The  radii  of  curvature  of  the  front  and  back 
surfaces  of  the  lens  were  so  chosen  that  the  images  of  the  slit 
reflected  from  these  surfaces  were  real  and  were  located  about 
midway  between  slit  and  objective. 

This  renders  it  possible  by  a  slight  inclination  of  the  objective 
to  elevate  one  image  and  depress  the  other  so  that  their  glare  no 
longer  strikes  the  photographic  plate,  which  is  covered  except  for 
a  narrow  band  on  the  side  toward  the  objective.     With  this  lens 

'  Aslrophysical  Journal,  32,  259-260,  19 10. 
'//>/</.,  32,  215-216,  1910;  33,85,  191 1. 
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the  dispersion  is  such  that  in  the  sixth  order  i  Angstrom  is  repre- 
sented by  0.36  mm. 

The  sUt  Hes  12  cm  above  the  middle  of  the  phite-holder;  the 
supports  for  the  sUt,  plate-holder,  objective,  and  grating  are  made 
of  mahogany  and  rest  upon  two  strong  brass  rings.  The  whole 
apparatus  is  inclosed  in  a  long,  slender,  light-tight  wooden  case  so 
that  for  half  an  hour  at  a  time  the  inside  temperature  can  be  held 
constant  to  within  half  a  degree. 

The  electrodes  are  ordinary  iron  rods  from  8  to  9  mm  in  diameter, 
carrying  a  current  of  6  or  7  amperes,  sometimes  on  the  no- volt 
circuit,  sometimes  on  the  220-volt  circuit.  A  "condensing  lens" 
of  19  cm  focal  length  is  used  in  such  a  way  that  only  the  middle 
part  of  the  arc  is  used,  and  so  that  the  grating  is  illuminated  with 
perfect  uniformity. 

2.  THE  PHOTOGRAPHS 

The  spectra  of  the  sixth  order  were  employed  for  the  photo- 
graphs, thus  requiring  the  use  of  two  light-filters,  one  to  cut  out 
the  higher  orders  and  one  the  lower  orders.  For  this  purpose  the 
gelatin  sheets  of  Wratten  &  Wainright  served  admirably.  In  the 
blue  and  violet,  the  ordinary  fast  plate  of  different  makes  was 
employed;  but  for  the  longer  wave-lengths  the  panchromatic  plates 
of  the  firm  above  named.  In  the  region  of  A  4200  the  exposure  was 
about  half  a  minute;  at  A  4500,  one  minute;  at  X  4800,  two  minutes; 
at  A  5100,  three  and  a  half  minutes;  at  A  5400,  five  minutes. 
Throughout  the  entire  work,  the  width  of  the  slit  was  sV  of  a 
millimeter;  the  inclination  of  the  plate  toward  the  normal  varied 
from  5  to  8  degrees. 

One  of  the  sixth-order  spectra,  the  one  em])loyed  for  the  earlier 
photographs,  gave  good  images  with  a  fine  sharp  line  in  the  middle 
upon  which  one  could  set  the  reading  microscope  very  accurately. 

The  limit  of  resolution  in  the  xiolct  was  o.  10  A.  The  available 
field  amountcfl  to  a|){)r()ximately  7  cm  or  200  A.  I  soon,  however, 
came  to  j)refcr  the  otht-r  s|)ectrum  of  the  sixth  order,  which  ga\'e 
lines  a  little  wider,  hut  of  ix'rfcctly  uniform  di'iisity;  the  resolving 
power  was  a  little  smaller,  only  o.  13  A.,  in  the  violet;  the  field  was 
here  a  little  larger,  about  10  cm,  that  is,  280  A.;  so  that  in  general 
from  ten  to  eleven  of  the  secondary  iron  standards  were  found  ujion 
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a  plate,  a  matter  of  the  highest  importance  in  the  evaluation  of 
standards. 

The  striking  difference  between  the  slit-images  of  the  right  and 
left  sixth  order,  which  is  also  observed  between  the  right  and  left 
of  lower  orders,  probably  finds  its  explanation  in  some  asymmetry 
in  the  groove  on  the  grating.  Since  each  region  of  the  spectrum 
is  j^hotographed  some  seven  or  eight  times,  the  plates  are  so  set 
that  the  wave-length  in  the  middle  of  each  plate  is  advanced  by 
35  A.  In  this  manner  every  line  appears  in  from  seven  to  eight 
different  places  on  different  plates,  and  each  secondary  standard 
is  gradually  displaced  from  one  end,  through  the  middle,  to  the 
other  end  of  the  plate;  so  that  in  the  computation  of  the  wave- 
lengths a  little  later,  a  smoother  result  is  obtained. 

For  the  determination  of  wave-lengths  between  A  4282  and 
X  5324  thirty-seven  plates  were  taken,  covering  the  following 
ranges : 


No.  of  Plate 

From  A 

To  A 

No.  of  Plate 

From  A 

To  A 

I 

4148 
4148 
4191 
4191 

4234 
4282 
4282 
4315 
4353 
4427 
4427 
4467 
4467 

4531 
4548 

4593 
4603 
4647 
4691 

4353 
4376 
4376 
4427 
4467 
4467 
4531 
4495 
4531 
4593 
4647 

4707 
4737 
4790 
4790 
4860 
4878 

4919 
4966 

20 

4737 
4754 
4790 
4824 
4860 

4903 
4919 
4966 

5002 
5050 
5083 
5110 
51^57 
5167 
5192 
5233 
5267 
5302 

5002 
5012 
5050 
5083 
5127 
=5167 

2 

21 

3 

4 

5 

6 

22  

2^ 

24 

2C   

7 

8   ... 

26 

.   5192 
5233 
5267 
5302 
5324 
5371 
5406 

5435 
5456 
5498 
5507 

27 

9 

10 

28 

20 

II 

•20   

12." 

?I 

13 

14 

•12 

•27 

I ;    

24 

16 

•j; 

17 

18  

-16 

•27 

19 

3.    THE  MEASUREMENTS  AND  THE  DETERMINATION  OF  WAVE-LENGTHS 

The  measurements  were  made  by  means  of  a  Topfer  micrometer, 
the  screw  of  which  had  a  pitch'  of  one-half  mm.  In  place  of 
the  ordinary  eyepiece  I  used  the  Zeiss  binocular  designed  by  Abbe. 
By  the  addition  of  an  auxiliary  objective  this  was  transformed  into 

'  F.  Goos,  Zeilschrifl  fiir  Instrumcntenkundc,  31,  52,  1911. 
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a  regular  binocular  microscope,  with  which  one  can  directly  observe 
the  image  of  the  spectral  line  in  the  focal  plane  of  the  ordinary- 
objective.  The  image  produced  by  the  complete  system  is  erect. 
The  use  of  both  eyes  not  only  enables  one  to  set  on  the  line  with 
much  greater  ease,  but  also  prevents  weariness  of  the  eyes  even 
after  a  long  series  of  measures.  Each  line  is  measured  eight  times 
on  each  plate,  four  times  in  position  ''I" — longer  wave-lengths  to 
the  right — -and  four  times  in  position  "II" — longer  wave-lengths 
to  the  left.  In  each  of  these  positions  two  settings  are  made  with 
a  right-handed  rotation  of  the  screw,  and  two  with  a  left-handed 
rotation. 

As  a  dispersion  formula  I  have  used 

\  =  a-{-bx-]rCX^ 
where  A  is  the  wave-length;    x,  the  reading  of  the  screw;    and  a, 
h,  c,  are  constants,     (i  rev.  =  0.5  mm.) 

The  constants  for  each  plate  were  determined  from  three  second- 
ary standards,  one  at  the  left  end,  one  in  the  middle,  and  one  at 
the  right  end. 

In  general,  6= -f  1 .4;   c=— o.oooi. 

But  this  simple  formula  does  not  perfectly  represent  the  other 
secondary  standards  on  the  plate.  These  outstanding  differences 
were  corrected  graphically  by  means  of  a  correction-curve.  In  the 
earlier  plates  (sixth  order  on  the  right)  there  were  some  seven  or 
eight  of  these  standards ;  in  the  case  of  the  other  plates  (sixth  order 
on  the  left)  as  many  as  ten  or  eleven  of  the  standards  were  shown 
on  a  single  plate;  so  that  these  curves  could  be  drawn  with  great 
accuracy  and  the  standards  adjusted  among  themselves.  These 
correction-curves  have  somewhat  the  form  of  a  sine  curve  with  an 
amplitude  of  about  0.02  A. 

4.     RESULTS 

The  following  table  contains  the  wave-lengths  of  184  lines, 
derived  from  1 292  single  measures.  Each  line  has  in  general  been 
measured  seven  times.  As  mentioned  above,  the  measurements 
arc  distributed  over  thirty-seven  plates.  Certain  weak  lines  were 
missing  on  some  of  the  i)lates;  but  no  line  is  given  in  the  table 
whidi   has   not  been   measured   at   least   three   times.     11ie   third 
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A 

Inten- 
sity 

Naof 
Plates 

Mean 
Error 

LA. 

A-L  A. 

D 

s 

D« 

Remarks 

4282.408 

5 

7 

±0.001 

.408 

0.000 

•^-o.oo4 

0.000 

94- 130 

6 

7 

2 

+ 

3 

+ 

3 

Kayser  gives 

99  247 

6 

7 

I 

+ 

3 

+ 

I 

the  inten- 

4307.912 

8 

6 

4 

+ 

2 

sity  as  4 

15  089 

5 

8 

I 

.089 

0 

0 

— 

I 

25   764 

8/2 

8 

5 

0 

+ 

I 

37  052 

4 

8 

2 

+ 

I 

— 

2 

52   741 

4 

9 

I 

•741 

0 

+ 

3 

— 

2 

58  510 

2 

6 

3 

+ 

4 

+ 

6 

67  584 

3 

8 

2 

+ 

5 

67  905 

2 

8 

2 

+ 

5 

69.778 

3 

8 

I 

+ 

6 

+ 

6 

75-934 

4 

8 

I 

•934 

0 

+ 

6 

— 

2 

83  551 

\oR 

6 

4 

+ 

6 

— 

7 

88.420 

3 

6 

1 

+ 

6 

90.956 

2 

5 

3 

+ 

6 

0 

4404  755 

8/? 

6 

2 

+ 

5 

— 

3 

07.716 

3 

6 

I 

+ 

5 

08.420 

3 

6 

I 

+ 

5 

15.129 

7 

6 

2 

+ 

5 

— 

I 

22.574 

3 

6 

I 

+ 

5 

+ 

7 

27314 

4 

8 

I 

■314 

0 

+ 

5 

— 

5 

30-623 

3 

7 

3 

+ 

5 

0 

33-215 

2  H 

6 

3 

+ 

5 

42.349 

4 

7 

I 

+ 

5 

+ 

I 

43-197 

3 

7 

2 

+ 

5 

47-725 

4 

7 

2 

+ 

5 

— 

3 

54  384 

3 

7 

2 

+ 

5 

— 

3 

59-127 

4 

7 

2 

+ 

5 

+ 

2 

61.660 

4 

7 

I 

+ 

5 

+ 

3 

66.555 

4 

9 

I 

•556 

—          I 

+ 

5 

— 

3 

69.396 

3" 

7 

2 

+ 

S 

+ 

9 

76.024 

4  ur 

6 

I 

+ 

5 

82.173 

3 

5 

3 

+ 

S 

+ 

5 

82.270 

4 

5 

5 

+ 

5 

— 

I 

84.241 

3 

7 

2 

+ 

5 

.89-747 

2 

7 

2 

+ 

5 

— 

2 

90.085 

2 

6 

3 

+ 

5 

— 

8 

94  573 

4 

7 

I 

•572 

+          I 

+ 

4 

— 

2 

4514.196 

I 

4 

4 

+ 

2 

+ 

2 

17-543 

I 

4 

3 

+ 

2 

+ 

2 

25-155 

3 

6 

3 

0 

+ 

3 

28.622 

5 

6 

I 

— 

I 

+ 

I 

Eversheim's 

31   154 

3 

7 

I 

•155 

—          I 

— 

I 

— 

4 

interfer- 

47-854 

3 

6 

I 

.853 

+          I 

— 

2 

— 

3 

ometer 

52552 

I 

6 

3 

— 

2 

value  is 

56.125 

3« 

6 

3 

— 

I 

— 

4528.622 

74-732 

I 

6 

3 

+ 

2 

+ 

81.541 

2 

6 

4 

+ 

3 

+ 

II 

87.138 

I 

6 

2 

+ 

4 

— 

92.660 

3 

7 

I 

.658 

+          2 

+ 

5 

— 

98.144 

2 

6 

I 

+ 

6 

+ 

2 

4602.017 

I 

6 

I 

+ 

6 

+ 

7 

02.945 

4 

7 

I 

•947 

—          2 

+ 

6 

— 

6 

I I . 298 

3 

6 

2 

+ 

7 

4 
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A 

Inten- 
sity 

No.  of 
Plates 

Mean 
Error 

L  A.        A-I.  A. 

Ds 

Dz 

Remarks 

4613    236 

2 

5 

=fc0.003 

0.000 

+0 

.007 

+0 

.004 

19    300 

3 

6 

3 

+ 

8 

— 

3 

25    073 

3 

6 

2 

+ 

8 

— 

I 

32-915 

3 

6 

2 

+ 

8 

— 

10 

37528 

3 

6 

2 

+ 

8 

+ 

3 

38.026 

3 

6 

I 

+ 

8 

— 

I 

47  439 

4 

7 

I 

-439 

+ 

8 

— 

5 

54  514 

3 

6 

2 

+ 

8 

+ 

II 

54-645 

3 

6 

4 

+ 

8 

— 

2 

67457 

4 

7 

2 

+ 

5 

— 

5 

68-157 

4 

7 

3 

+ 

5 

+ 

4 

73-178 

3« 

7 

6 

+ 

4 

+ 

7 

78.856 

4 

7 

I 

■855* 

+            I 

+ 

3 

— 

I 

83  575 

I 

7 

3 

+ 

2 

— 

7 

91.414 

3 

8 

I 

.417 

-         3 

+ 

I 

— 

2 

4707.289 

4 

8 

I 

.288 

+         I 

— 

2 

+ 

2 

10.281 

3 

7 

2 

— 

2 

+ 

3 

21.000 

I 

4 

5 

— 

3 

+ 

4 

27-425 

2  u 

7 

2 

— 

4 

— 

9 

Fe,Mn 

33  587 

2 

7 

2 

— 

4 

— 

I 

36-789 

4 

8 

I 

.786 

+        3 

— 

4 

+ 

6 

41-S29 

2 

7 

2 

— 

4 

+ 

3 

45  792 

2  M 

7 

3 

— 

4 

— 

6 

54.046 

3 

8 

2 

.047* 

—         I 

— 

3 

0 

Mn 

57  572 

I 

6 

3 

— 

3 

— 

I 

62.372 

3 

8 

2 

— 

3 

+ 

4 

Mn 

65.861 

2 

6 

3 

— 

2 

Mn 

66 . 420 

2 

7 

2 

— 

2 

0 

Mn 

72.812 

2 

8 

2 

— 

2 

— 

2 

83  437 

3 

8 

2 

— 

I 

+ 

2 

Mn 

86.810 

2 

8 

2 

— 

I 

0 

89.654 

3 

9 

I 

-657 

3 

— 

I 

+ 

4 

98  273 

3 

2 

0 

— 

5 

4800  648 

7 

4 

0 

— 

5 

02 . 885 

7 

2 

0 

— 

I 

07-734 

3 

4 

0 

— 

I 

23  526 

8 

I 

-522* 

+         4 

0 

+ 

3 

Mn 

32 -734 

4 

7 

0 

0 

39  546 

8 

3 

0 

0 

43.161 

I   M 

7 

5 

0 

0 

55  690 

4 

2 

— 

I 

— 

2 

59  756 

9 

I 

-758 

—          2 

— 

I 

+ 

3 

63.665 

5 

6 

— 

2 

+ 

3 

71  329 

8 

2 

— 

2 

— 

2 

72-155 

8 

I 

— 

2 

+ 

2 

78.226 

8 

I 

-225 

+         I 

— 

2 

— 

I 

81.718 

6 

4 

— 

2 

— 

4 

82.160 

6 

3 

— 

2 

— 

4 

8s  441 

2  W 

6 

3 

— 

2 

— 

2 

90  769 

5 

7 

I 

— 

2 

0 

91.510 

6 

7 

I 

— 

2 

+ 

2 

4903  32s 

4 

8 

I 

•325 

0 

— 

2 

+ 

4 

10  035 

I 

7 

4 

— 

2 

+ 

6 

19.006 

5 

9 

I 

.007 

—          1 

— 

2 

— 

6 

20.518 

7 

8 

I 

■^ 

2 

" 
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A 

Inten- 
sity 

No.  of 
PUtes 

Mean 
Error 

LA. 

A-I.  A, 

D 

s 

D« 

Remarks 

4924.768 

2 

8 

±0.002 

0.000 

— o.< 

X>2 

— 0 

007 

38.196 

I 

7 

4 

— 

2 

+ 

3 

38.827 

3" 

8 

2 

— 

2 

— 

I 

30  f^79 

2 

8 

I 

— 

2 

46  406 

2 

8 

3 

— 

2 

0 

57  306 

4 

6 

3 

— 

2 

+ 

5 

57  613 

5 

6 

2 

— 

2 

+ 

6 

66. 105 

3 

9 

I 

.104 

+          I 

— 

2 

+ 

2 

73- "4 

2 

7 

2 

— 

2 

78.619 

I  ur 

6 

6 

— 

2 

+ 

I 

82.541 

3" 

8 

3 

— 

2 

+ 

14 

85.-^69 

2 

8 

3 

— 

2 

— 

3 

85  564 

2 

8 

3 

— 

2 

— 

3 

Q4   131 

2 

8 

3 

— 

2 

— 

6 

S001.S82 

3 

9 

I 

.881 

+          I 

— 

2 

0 

05   732 

3 

8 

2 

— 

2 

+ 

2 

06.137 

4 

8 

2 

— 

2 

+ 

3 

12.070 

3 

8 

I 

.073 

-         3 

— 

2 

+ 

2 

14.961 

2 

7 

I 

— 

2 

+ 

4 

22.249 

2 

7 

I 

— 

3 

— 

6 

28   126 

I 

7 

3 

— 

3 

— 

7 

41.072 

2 

7 

2 

— 

4 

— 

3 

41    758 

3 

7 

2 

— 

4 

+ 

4 

49.828 

3 

8 

I 

.827 

+         I 

— 

4 

+ 

7 

51.640 

3 

7 

I 

— 

4 

+ 

4 

68.786 

3 

7 

2 

— 

4 

+ 

4 

74- 722 

3" 

7 

2 



4 

— 

14 

79.226 

3 

7 

2 

— 

4 

— 

I 

79  741 

2 

7 

I 

— 

4 

— 

6 

83  346 

2 

8 

I 

•344 

+         2 

— 

4 

+ 

4 

96.999 

I 

5 

4 

— 

3 

+ 

2 

98 . 696 

3 

7 

2 

— 

2 

5105  547 

2 

7 

3 

— 

I 

Cm.  Interfer- 

07.468 

2 

6 

2 

— 

I 

+ 

7 

ometer 

07  643 

2 

6 

2 

— 

I 

— 

6 

value 

10. 411 

3 

8 

I 

•415 

-         4 

0 

— 

I 

of  Fabr>-- 

2^  732 

2 

8 

2 

+ 

2 

+ 

I 

Buisson 

27  367 

2 

8 

I 

•364*1+         3 

+ 

2 

— 

I 

5105  543 

(33-646) 

3« 

7 

3 

+ 

3 

— 

(32) 

Ka>'ser  gives 

39  278 

3 

6 

3 

+ 

3 

+ 

7 

the  inten- 

39 493 

4 

6 

3 

+ 

3 

+ 

8 

sity  as  1 

42.934 

2 

7 

3 

+ 

4 

— 

4 

50  847 

2 

7 

3 

+ 

4 

+ 

2 

51.916 

2 

6 

3 

+ 

4 

— 

3 

(62.347) 

3"'' 

7 

3 

+ 

4 

+ 

(33) 

67.490 

5 

9 

2 

.492 

—          2 

+ 

4 

— 

2 

71 .602 

4 

8 

2 

+ 

4 

91.469 

4 

8 

I 

+ 

4 

— 

12 

Eversheim 

92  364 

4 

9 

I 

•363 

+          I 

+ 

4 

— 

2 

by  the  in- 

94 951 

3 

8 

2 

+ 

4 

+ 

I 

terferom- 

98.720 

I 

8 

2 

+ 

4 

— 

I 

eter  ob- 

5202.341 

2 

8 

3 

+ 

4 

— 

4 

tains 

08.614 

2 

7 

3 

+ 

3 

8 

5191-473 

15   197 

2 

8 

2 

+ 

3 

1  + 

I 

16.279 

3 

8 

2 

i 

+ 

3 

+ 

1 
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A 

Inten- 
sity 

No.  of 
Plates 

Mean 
Error 

LA. 

A- 

I.   A. 

Ds 

Dz 

Remarks 

5217.409 

2 

8 

=*=0.002 

+0 

.000 

+0.003 

+0.003 

26 

873- 

3 

8 

2 

+          2 

-         3 

27 

194 

4 

8 

2 

+          2 

+         7 

29 

862 

2 

8 

2 

+          2 

+       17 

32 

955 

5 

9 

I 

•957 

— 

2 

+          2 

7 

35 

382 

I 

8 

2 

+          I 

42 

495 

I 

8 

2 

+          I 

—         I 

SO 

644 

I 

8 

3 

0 

63 

318 

2 

8 

2 

—          I 

0 

66 

570 

4 

9 

I 

■569 

+ 

I 

—          I 

-         3 

69 

532 

6 

8 

I 

—          I 

—         2 

70 

353 

5 

8 

I 

—          I 

0 

73 

178 

2 

8 

3 

—          I 

+         3 

73 

371 

I 

S 

4 

—          I 

6 

81 

808 

3 

8 

I 

—          I 

+         3 

83 

635 

3 

8 

I 

—          I 

+         I 

5302 

316 

2 

9 

I 

■3,^5 

+ 

I 

0 

+         2 

07 

364 

I 

7 

3 

+          I 

—         I 

24 

195 

4 

8 

I 

.  196 

— 

I 

+          2 

-          4 

column  gives  the  number  of  plates  upon  which  the  line  has  been 
measured.  Column  2  gives  the  intensities.  These  adhere  as 
nearly  as  possible  to  Kayser's^  system  and  were  estimated  either 
with  the  naked  eye  or  with  a  low-power  eyepiece;  they  indicate, 
therefore,  mainly  the  visibihty  of  the  line  without  regard  to  its 
breadth  or  blackness.  The  intensity  of  the  weakest  lines  is  denoted 
by  I ;   that  of  the  strongest,  by  10. 

In  general  the  numerical  values  agree  well  with  those  of  Kayser; 
only  in  the  case  of  the  lines  X  4294  and  A  5134  is  there  a  deviation 
as  great  as  two  units.  Lines  which  are  not  sharp  are  so  marked  in 
this  column,  where  the  following  nomenclature  is  employed: 

a  =  hazy; 

Mr  =  hazy  toward  the  red; 
Ml)  =  hazy  toward  the  violet. 

R  denotes  that  the  line  is  easily  reversed.  Column  4  gives  the 
"mean  error"  of  the  wave-lengths  computed  by  taking  the  average 
value  from  the  different  plates,  giving  equal  weight  to  all  the 
measures. 

Taking  the  average  for  the  entire  series,  this  mean  error,  e 
amounts    to    =4=0.0022    A.;     hence    the    "probable   error,"    r,    is 

'  n.  Kay.scr,  Astrophysical  Jounuil,  32,  217,  1910;  Zcitschrijl  Jilr  wissenschaftliche 
Photographic,  9,  173,  191 1. 
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±0.0015  ^-  '"^  mean  error  of  ±0.005  "tcurs  four  times;  one  of 
±0.006  occurs  three  times;  one  of  ±0.007  occurs  once;  these 
have  to  do  mostly  with  lines  which  are  not  sharp  or  with  lines 
which  were  measured  only  four  or  five  times. 

Besides  the  iron  lines  are  included  some  which  appear  as  impuri- 
ties;   among  these  are  seven  manganese  lines  and  one  of  copper. 

Column  5  gives  the  values  of  the  thirty-six  secondary  standards 
from  which  the  other  wave-lengths  are  determined  by  interpolation. 
Besides  the  standards  established  by  international  agreement.  I 
have  employed  four  others  which  rest  upon  the  interferometer 
measurements  of  Fabry  and  Buisson.'  and  Eversheim;^  these  are 
indicated  by  asterisks. 

The  agreement  with  standards  is  excellent  throughout.     The 

deviations  which  are  given  in  column  6  never  exceed  0.004  A.,  and 

reach  this  value  only  in  two  cases  out  of  thirty-six.     The  sum  of 

the  positive  deviations  amounts  to  +0.025  A.;    that  of  the  nega- 

.    .       .    0051 
tive.  to   —0.026  A.;    so  that   the  average  deviation  is  — ^  = 

36 

±0.0014  A.  It  is.  therefore,  perhaps  fair  to  assume  that  the  wave- 
lengths of  these  lines  are  accurate  to  o.ooi  A.  It  is.  however,  a 
rather  striking  fact  that  the  larger  deviations  occur  precisely  in 
those  lines  for  which  the  three  interferometer  measures,  by  which 
the  secondary  standards  are  determined,  agree  very  well. 

The  probable  error  mentioned  above.  ±0.0015  A.,  as  an  average 
for  the  entire  series,  naturally  gives  no  information  except  regarding 
the  accuracy  of  wave-lengths  determined  by  my  particular  instru- 
ment. Whether  my  measures  are  actually  correct  to  within  the 
limits  assigned  can  be  answered  only  by  comparison  with  measures 
obtained  on  other  apparatus.  The  only  results  yet  available  for 
purposes  of  such  a  comparison  are  those  of  Kayser.  His  values 
show  striking  systematic  dilTerences  with  respect  to  mine,  differ- 
ences which  need  explanation.  By  means  of  some  of  his  spectro- 
grams, which  he  has  kindly  placed  at  my  disposal,  I  think  I  have 
found^  that  these  deviations  are  to  be  explained  by  the  fact  that 

'  Trans.  I nUrnational  Union  for  Solar  Research,  2,  138,  1908. 

»  Annalen  der  Physik  (4),  30,  815,  1909. 

i  Zeitsckrift  fiir  wissenschaflliche  Pholographie,  10.  200.  191 1. 
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Kayser  has  used  a  simple  linear  interpolation  between  each  two  of 
the  secondary  standards  and  then  averaged  the  results.  The 
larger  deviations  which  thus  occur  between  indi\'idual  values  point, 
in  Kayser's  opinion,  to  irregularities  in  the  system  of  secondary 
standards. 

But  I  have  found  the  improved  (smoothed-out)  values  of  the 
secondary  normals  given  by  Kayser  to  be  only  partially  confirmed. 

In  order  to  compare  Kayser's  wave-lengths  with  mine,  it  is  first 
necessary  to  place  in  evidence  the  systematic  deviations.  Column 
7,  headed  "Dg."  gives  these  differences,  in  the  sense  of  Goos- 
Kayser.  determined  graphically.  We  observe  that  the  variations 
at  /  4630  reach  the  value  -fo.008  A.,  while  the  deviations  on  the 
negative  side  are  not  so  considerable  and  at  A  4740  and  A  5060  are 
only  —0.04  A. 

I  have  neglected  those  small  differences — amounting  at  most  to 
o .  002  A. — which  result  from  the  fact  that  Kayser  has  used  standards 
whose  values  depend  not  only  upon  the  measurements  of  Fabry- 
Buisson  and  Eversheim  but  also  upon  those  given  by  Pfund'  in 
1908,  reduced,  however,  to  the  value  6438.4696  for  the  red  cad- 
mium line,  while  the  international  secondary  standards  established 
later  depend  upon  Pfund's^  more  recent  work. 

Column  8,  headed  ''D^,"  contains  the  accidental  dift'erences 
which  remain  after  correcting  for  the  systematic  differences. 

Kayser  and  I  have  observed  in  common  163  lines.     The  sum  of 

the    positive    deviations    amounts   to    +0.284   A.,    the   negative 

o                                      ...                         ±0.569 
to  — 0.28s    A.     The   average    deviation    is    therefore    z = 

±0.0035  A. 

Computed  from  the  above  the  probable  error  of  a  single  observed 
difference  between  my  measures  and  those  of  Kayser  is  api)roxi- 
mately  ±0.0035X0.845=  ±0.0030  A.;  giving  equal  weight  to 
each  observer,  the  probable  error  of  a  single  wave-length  deter- 
mination for  each  observer  becomes  ±0.0021  A.  This  value  is 
larger  than  that  computed  above  from  the  internal  agreement  of 
my  own  measurements,  namely.  ±0.0015  A. 

•  Astro  physical  Journal,  28,  197,  1908. 
'  Ibid.,  32,  215,  1910. 
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It  is  evident  also  that  if  the  weight  is  properly  distributed, 
there  are  still  other  sources  of  error  to  be  looked  for  in  the  method 
itself;  perhaps  one's  estimation  of  the  center  of  gravity  of  a  line  is 
diflferent  in  the  case  of  a  spectrogram  such  as  that  of  Kayser,  which 
has  a  dispersion  three  or  four  times  as  great  as  mine. 

In  fourteen  cases  the  accidental  deviation  is  greater  than 
0.008  A.     Concerning  these  the  following  is  to  be  noted: 

The  lines  A  4469 . 4  deviation     +0 .  009 

are  marked  as  hazy 


are  components  of  close 
doubles 


4727 

4 

—  0 . 009 

4982 

5 

+0.014 

5074 

7 

—  0.014 

The  lines  A  4490 

I 

—  0.008 

4654 

5 

+0.011 

5139 

5 

+0.008 

The  lines  A.  4581 

5 

+0.011 

4632 

9 

— o.oio 

5191 

5 

—  0.012 

5208 

6 

—  0 . 008 

5229 

9 

+0.017 

are  sharp  lines  in  which  the 
de\nation  is  not  immedi- 
ately explicable 


In  the  case  of  the  line  A  4581  the  mean  error  is  rather  great — 
+0.004;  the  line  A  5 191.  given  by  Eversheim's  interferometer 
measurement  as  5191.0473,  shows  also  a  deviation  of  —0.004  A. 
from  my  measurements.  The  line  5229.9  was  measured  by  me 
eight  times,  with  a  mean  error  of  +0.002.  the  individual  measures 

being 

5229.852 
858 
861 
860 
868 
870 
862 
865 


Mean  .862 


The   ditTerence   between    this   and    Kayser 's  value   of    5229.845, 
after  a  correction  for  systematic  differences,  is  very  striking.     The 
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lines  5133.6,  with  a  deviation  of  —0.032  A.,  and  5162.3,  with  a 
deviation  of  +0.033,  must  be  at  once  thrown  out.  They  are  both 
verv  hazy.  I  have  placed  them  in  brackets  in  the  table  and  have 
omitted  them  from  consideration  in  deriving  the  probable  error. 
They  are  not  at  all  available  for  the  purpose  of  standards. 

The  measurement  of  close  doubles  naturally  offers  some  diffi- 
culty and  it  is  apparent  that  my  distances  turned  out  to  be  smaller 
than  those  of  Kayser.  In  the  following  table  are  collected  under 
the  headings  "G"  and  "K"  the  distances  of  all  doubles  less  than 
0.410  A. 


Double 


K. 


G.-K. 


5005 
4489 
5226 
4957 
4985 
5139 
5273 
5107 
4654 
4482 


7-6. 1 
7-90.: 
9-7.2 
3-76 
3-56 
3-95 
2-3-4 
5-6.. 
5-46 
2-2.3 


A. 
0.405 
0.338 
0-313 
0.307 
0.295 
0.215 
0.193 

0.17s 
O.131 
0.097 


A. 

0.404 
0.344 
0.311 
0.306 
0.29s 
o.  214 
o.  202 
0.188 

0.144 
0.103 


A. 
+0.001 

—  0.006 
+0.002 
+0.001 

0.000 
+0.001 

—  0.009 
-0.013 

—  0.013 

—  0.006 


It  is  to  be  hoped  that  these  doubtful  cases  may  soon  be  cleared 
up  by  measurements  in  the  iron  spectrum  made  by  other  observers. 
I  am  expecting  soon  to  extend  these  measurements  toward  the  red 
as  far  as  to  A  6495. 

Hambltig,  Physikalisches  Staatslaboratorium 
December  20,  1911 


PRELIMINARY  STATEMENT  OF  THE  EARLY  OBSERVA- 
TIONS OF  XOVA  GEMIXORUM  NO.  2,  MADE  AT 
THE  OBSERVATORY  OF  THE  UNIVERSITY  OF 
MICHIGAN 

By  R.  H.  CURTISS 

A  brief  resume  of  the  results  obtained  prior  to  March  23  by 
observation  of  Xova  Geminoriim  No.  2  at  the  University  of 
Michigan  is  contained  in  the  following  statement. 

All  estimates  of  magnitude  were  obtained  by  comparison  with 
neighboring  stars,  according  to  Argelander's  method.  The  spectra 
were  made  with  a  single-prism  spectrograph,  and  with  one  excep- 
tion in  the  photographic  region. 

March  13.     At  ii'*  Central  Standard  Time,  Mag.  =  3. 9. 
E.xposures:     c)^    4"^  C.S.T.  on  Seed  22,- 

9''  27™  C.S.T.  on  Seed  Lantern  Slide. 

jqH    2™  C.S.T.  on  Seed  Lantern  Slide. 

II*'    o"  C.S.T.  on  Seed  22,. 

11''  40"*  C.S.T.  on  Seed  2t,. 

On  all  these  plates  the  continuous  spectrum  resembles  that  of 
Altair,  with  alternating  wide  regions  of  emission  and  absorption. 
The  comparison  with  Altair  extends  only  to  the  character  of  the 
spectrum,  however,  and  not  to  the  position  of  the  lines.  Few 
narrow  dark  lines  are  to  be  found  in  the  spectrum.  Nearly  all 
the  prominent  lines  of  Type  F  5  are  faint  or  absent.  No  certain 
trace  of  such  strong  F  5  lines  as  /  4481  and  /  4549  can  be  found  in 
the  Nova,  but  the  strong  blend  at  A  4172  seems  to  be  represented. 
There  is  also  strong  absorption  in  the  Xova  in  the  neighborhood 
of  the  G  band,  possibly  partly  due  to  titanium.  Probably  other 
identifications  with  lines  of  type  F  5  might  be  made,  but  such  lines 
are  difficult  and  apparently  not  numerous.  On  the  other  hand 
there  are  absorption  lines  in  the  Xova,  not  certainly  associated 
with  the  bright  lines,  which  are  weak  or  absent  in  Procyon. 

The  lines  //S,  7/7.  iW,  /  5016.  A  4922,  and  A  4472  of  helium, 
H  and  K  of  calcium,  are  all  strong  lines  with  complex  structure. 
A  heavy  broad  absorption  component  (in  X  4g2  2  clearly  double,  in 
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H8  multiple)  is  strongly  displaced  toward  the  violet.  Wide  emis- 
sion is  clearly  present  on  the  red  edge  of  these  lines  and  in  case  of 
the  calcium  lines,  sharp  dark  reversals,  and  in  the  hydrogen  and 
hehum  lines  probably  weak  dark  reversals,  all  indicating  a  small 
velocity  of  recession,  are  present  in  this  emission.  Emission  is 
present  also  on  the  violet  edge  of  the  absorption  components  of 
some  of  these  lines,  but  is  weaker  and  less  extensive  than  that  on 
the  edge  of  greater  wave-length. 

The  displacement  of  the  absorption  groups  of  the  principal 
lines  for  this  date  follows. 

Lines:     Ca:      K,  H;  He:  X4471.    X4922,     X5016;  //.•  7/5,         Hy,        Hp 

Disp.  in  A:     —7.80,  —7.70,    —8.60,    —4.50,    —3.50,       —5.80,  —6.50,  —8.15. 

This  displacement  increases  with  the  square  of  the  wave-length 
for  the  hydrogen  lines,  differs  for  different  elements,  and  is  quite 
different  for  helium  and  the  so-called  parhelium. 

The  sharp  reversals  of  the  calcium  Hnes  indicate  a  velocity 
of  +5  km   =«=  3  km. 

March  15.      At  6i^  C.S.T.  Mag.  =  42;   12^,  Mag.  =  4  •  9- 
Exposures:     lo''    o"'  C.S.T.  on  Seed  23. 
ii**  45"»  C.S.T.  on  Seed  23. 

The  continuous  spectrum  is  similar  to  that  of  March  13,  but 
with  contrasts  much  increased.  A  4481  is  now  visible  as  a  diffuse 
line,  but  A  4549  of  Ti-Fe  cannot  be  certainly  seen.  A  4172  is  strong 
and  accompanied  by  emission.  Well-marked  absorption  lines 
have  developed  at  A  4363,  A  461 1,  A  4670.  In  the  case  of  the  com- 
plex lines,  K,  H,  and  //e,  //S,  7/7,  A  4472,  IW,  A  4922,  and  A  5016, 
the  absorption  lines  have  about  the  same  intensity  as  on  the  pre- 
vious plates,  but  are  displaced  about  one  Angstrom  farther  toward 
the  violet.  The  emission  on  the  edge  of  greater  wave-length  has 
increased  greatly,  and  shows  a  strong  maximum  near  the  normal 
position  of  the  line  with  evidences  of  reversal.  The  velocity  from 
the  H  and  K  reversals  is  +10  kilometers. 

March  16.     At  g^  C.S.T.,  Mag.  less  than  5 . 5. 
Unsuccessful  exposure  through  heavy  sky  shows  only  bright  lines. 
March  17.     At  g""  C.S.T.  Mag.  =  5. 7. 
E.xposures:     g^  25"*  Seed  30. 
11''  15"*  Seed  ,^0. 
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No  marked  changes  in  the  continuous  spectrum  are  shown, 
but  a  less  marked  alternation  of  bright  and  dark  maxima  is  seen. 
Bright  lines  are  relatively  much  stronger,  with  the  strong  displaced 
absorption  lines  of  hydrogen  and  helium  much  w-eaker  or  absent. 
The  position  of  the  edge  of  the  strong  emission  lines  toward  the 
red  remains  unchanged,  while  the  edge  toward  the  violet  has 
extended  greatly  (ten  Angstroms  in  the  case  of  H^)  covering  the 
dark  lines  of  two  nights  before.  A  strong  emission  maximum 
has  appeared  near  the  red  edge  of  all  hydrogen  and  helium  emission 
lines  mentioned  above,  with  the  possible  exception  of  A  4472. 
Other  regions  uncertainly  bright  on  the  plates  of  March  13  are 
now  much  stronger,  as  for  example  A  4230.  A  4590,  and  A  4610- 
4670.  There  is  no  emission  which  can  certainly  be  traced  to  the 
lines  of  nebulum  except  possibly  at  A  5007.  The  emission  at 
A  447  2  is  now  very  weak.    Velocity  from  the  H  and  K  reversals  =  +  9 

kilometers. 

March  iS.     At  8^  C.S.T.  Mag.  =  5.2. 
E.xposure:     8*^  27"*  Seed  30. 

Continuous  spectrum  shows  Kttle  change.  The  emission  lines 
are  now  slightly  narrower  than  on  the  previous  night,  and  with 
much  sharper  edges  generally  marked  by  absorption.  Width  of 
the  H/3  line  about  35  A.  The  violet  edges  of  the  emission  lines 
have  grown  brighter,  forming  a  companion  emission  maximum 
with  the  strong  nucleus  near  the  red  edge  of  these  lines.  Velocity 
froiri  H  and  K  reversals  =  +6  kilometers. 

March  19.     At  10^  C.S.T.  Mag.  =  5.1. 
Exposures:   lo**    o"  Seed  30. 
ii'»  1 8"  Seed  30. 

Continuous  spectrum  little  changed.  There  is  now  little 
resemblance  to  the  spectrum  of  Altair.  Several  fairly  well-dehned 
narrow  absorption  lines  are  present.  Strong  emission  lines  are 
still  contracting,  with  absorption  at  edges  coming  out  more  strongly. 
Two  distinct  emission  maxima  are  clearly  defined  near  either 
edge  of  the  emission  lines  as  on  the  previous  night.  There  is  no 
emission  that  can  certainly  be  traced  to  the  nebular  lines  A 4363, 
A4686,  and  A4960.  W'locity  from  H  and  K  reversals=H-7  kilo- 
meters. 
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March  22.     At  8^  C.S.T.  Mag.  =  4. 9;   at  ii^  Mag.  =  4 •  7- 
Exposures:     8**  48™  Seed  30. 

11''  o*"  Seed  23  bathed  in  Pinachrome. 

On  the  slower  (Seed  23)  plate,  alternate  bright  and  dark  maxima 
in  the  continuous  spectrum  are  clearly  showTi  and  in  many  cases  the 
maxima  of  emission  of  March  22  correspond  to  the  maxima  of 
absorption  of  March  13.  The  spectrum  seems  to  have  been 
reversed  in  a  little  more  than  a  week.  This  Unds  explanation 
if  it  be  assumed  that  complex  lines  resembling  the  strong  lines  of 
hydrogen  and  helium  are  distributed  well  over  large  regions  of  the 
spectrum. 

The  changes  since  March  19,  in  the  strong  lines  of  hydrogen 
and  helium,  are  very  marked.  The  strong  emission  band  remains 
of  the  same  width,  bordered  by  well-defined  absorption.  On  the 
edge  toward  the  violet  this  absorption  is  widely  double  for  the 
hydrogen  and  helium  lines,  the  component  of  shorter  wave-length 
being  the  stronger  for  H^,  Hy,  H^,  and  H^,  and  the  weaker  for 
the  helium  lines.  In  the  case  of  Hy,  at  least,  emission  extends 
faintly  over  the  absorption  lines  on  both  edges  of  the  strong  bright 
line.  The  emission  lines  show  the  emission  maxima  near  their  edges 
noted  previously,  with  several  dark  lines  in  the  region  between.  In 
the  region  from  /  5000  to  /  6600,  a  number  of  complex  bright  lines 
are  shown.  The  D  lines  have  the  same  general  structure  as  the 
H  and  K  lines  of  calcium.  A  second  strong  absorption  line  on  the 
side  of  shorter  wave-lengths  may  be  due  to  D3  or  may  be  a  second 
component  of  the  dark  edge  of  the  sodium  emission.  There  is  no 
certain  indication  of  nebulum  emission  between  A  3880  and  A  5020. 

Velocity  from  D,,  D^,  H,  and  K  reversals=  +  i3  kilometers. 

.•\nn  .\rbor,  Mich. 
March  23,  IQ12 
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SLIT-WIDTH  CORRECTIOXS  IX  SPECTROPHOTOMETRY 

AND  A  NEW  FORM  OF  VARIABLE 

SECTORED  DISK 

By  EDWARD  P.  HYDE 

PART  I.     SLIT-WIDTH    CORRECTIONS  IX  SPECTRO- 
PHOTOMETRY 

A.      INTRODUCTION 

The  spectro-photometer,  in  its  various  forms,  has  been  widely 
employed  as  a  precise  instrument  in  studying  relative  energy  dis- 
tributions within  the  limits  of  the  xisible  spectrum.  As  formerly 
used,  except  in  the  case  of  polarization  instruments,  the  settings  on 
the  spectro-photometer  were  made  by  varying  the  width  of  one 
of  the  collimator  slits.  Later  the  errors  which  attend  this  practice, 
even  when  the  Vierordt  double  slit  is  employed,  were  studied,'  and 
this  study  led  to  the  more  general  use  of  the  rotating  sectored  disk 
in  one  or  another  form.  But  although  the  spectro-photometer  has 
been  widely  employed  as  a  precise  instrument,  only  quite  recently 
has  any  attention  been  paid  to  the  errors  which  enter  on  account 
of  the  impurity  of  the  spectrum  due  to  the  finite  slit-widths  of  the 
telescope  and  of  the  two  collimators.  The  corresponding  error  in 
the  measurement  of  energy  distribution  by  the  use  of  the  infra- 
red spectrometer  and  linear  bolometer  or  thermopile  was  evaluated 

"  Capps,  Aslrophysical  Journal,  11,  25,  igoo. 
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by  Runge'  some  years  ago.  The  neglect  of  this  error  in  spectro- 
photometric  measurements  may  have  arisen  from  the  conception 
that  the  error  would  be  small  because  the  measurements  are  rela- 
tive— the  energy  distribution  of  one  spectrum  being  measured  in 
terms  of  that  of  another  somewhat  similar  spectrum.  This  fact 
does  in  general  reduce  the  magnitude  of  the  error,  but  on  the  other 
hand  in  spectro-photometric  comparisons  the  sensibility-curve  of 
the  eye  enters  to  produce  an  added  complication. 

In  connection  with  an  investigation  by  the  author^  and  others 
of  the  radiating  properties  of  metals,  spectro-photometric  measure- 
ments were  used  in  determining  the  relative  energy  distributions  in 
the  spectra  of  two  sources.  The  question  arose  as  to  the  possible 
errors  incident  to  the  assumption  that  the  ordinates  of  the  observed 
luminosity-curves  of  two  continuous  spectra,  as  of  a  black  body  at 
two  different  temperatures,  bear  the  same  ratios  to  one  another 
throughout  the  visible  spectrum  as  the  ordinates  of  the  correspond- 
ing pure  energy-curves.  A  theoretical  investigation  of  the  problem 
was  begun,  but  before  its  completion  the  same  question  was  discussed 
by  Nichols  and  Merritt^  in  connection  with  their  work  on  phosphor- 
escence. Inasmuch  as  their  method  of  treatment,  consistent  with 
their  object  in  view,  was  somewhat  different  from  that  of  the  present 
author  and  since  this  investigation  led  incidentally  to  the  design 
of  a  new  form  of  variable  sectored  disk,  the  author"*  presented  a 
brief  report  of  his  work  to  the  Physical  Society.  For  similar 
reasons  it  seems  expedient  to  publish  a  more  detailed  account  of 
the  investigation,  and  to  describe  more  in  detail  the  new  form  of 
sectored  disk  adapted  to  spectro-photometric  measurements. 

B.     THEORY   OF    SLIT-WIDTH   CORRECTIONS 

In  the  following  discussion  it  is  assumed  that  the  substitution 
method  of  measurement  is  employed.  Thus  (Fig.  i)  a  constant 
comparison  source  is  placed  before  the  slit  .S"  of  one  collimator,  and 

■  AttiuUcn  der  Physik,  60,  712,  1897. 

'  Hyde,  Cady,   and  MiddlekaufT,   Trans.  III.   Kii^.  Soc,  4,  334,    lyoQ.     Hyde. 
Jour,  of  Franklin  Inst.,  169,  430.  iQio. 
^  Physical  Rrviru.\  30,  },2^,  igio. 
*  Ibid.,  31,  183,  1910. 
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the  two  sources  whose  spectra  are  to  be  intercompared  are  succes 

sively  phicecl  before  the  sHt  5  of  the  second 

collimator.'     Through  the  slit  T  of  the  tele-  ^ 

scope  the  two  spectra  formed  by  the  prism 

P  are  seen  juxtaposed  in  the  compound  field 

of   view   of    the    Lummer-Brodhun    contrast 

prism  L. 

In  spectro-photometric  comparisons  meas- 
urements of  the  relative  luminosities  of  the 
impure  spectra  of  two  sources  are  made.  The 
problem,  therefore,  is  to  determine  from  these 
measurements  the  relative  curves  of  energy 
distribution  in  the  pure  spectra  of  the  two 
sources.  To  this  end  we  seek  an  expression 
of  the  intensity  in  the  pure  energy  spectrum 
of  a  source  at  5  (Fig.  i)  in  terms  of  the  luminosity  of  its  impure 


A 


Fig.  I. —  Diagram- 
matic sketch  of  spectro- 
photometer. 
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Fig.  .\. — Relative  reflecting  power  of  magnesium  carbonate 


'  In  practicallv  all  the  work  of  the  author  the  light  from  the  source  under  inves- 
tigation falls,  not  upon  the  slit  directly,  but  upon  a  block  of  compressed  magnesium 
carbonate  which  is  mounted  at  an  angle  before  the  slit  and  which  diffusely  reflects 
the  incident  light  into  the  collimator.  In  Fig.  .\  are  given  the  results  of  a  study  of 
the  selective  reflection  of  the  magnesium  carbonate  block.  It  is  seen  that  its  reflection 
coefl'icicnt  at  the  red  end  of  the  spectrum  is  about  3  j)er  cent  greater  than  that  for 
blue  hght.  If  the  substitution  method  is  employed  and  the  proper  precaution  is  taken, 
there  is  no  need  to  make  any  allowance  for  the  selective  reflection  of  the  magnesium 
carbonate  block. 
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spectrum  formed  by  the  prism  F  in  the  plane  of  the  slit  T  of  the 
telescope. 
Let 

a  =  slit-width  of  6"  measured  in  angular  units  on  the  divided  circle 

of  the  telescope.* 
6t'  =  slit-width  of  S'  measured  in  angular  units  on  the  divided  circle 

of  the  telescope. 

6  =  slit-width  of  T  measured  in  the  same  angular  unit. 

a-\-b 
c  = . 

2 

^  =  angle  of  deviation  of  the  ray  considered. 
/(5)  =  intensity  in  the  pure  energy  spectrum  of  a  source. 
i/'(^)  =  sensibility  of  the  eye  for  the  pure  spectrum. 
<^(^)  =  (/'(^)/(^)  =  luminosity  of  the  pure  spectrum  of  a  source. 
F(0)  =  luminosity  of  the  impure  spectrum  of  a  source,  represented  in 

the  present  case  by  the  luminous  flux  through  the  telescope 

slit,  T. 

We  seek  first  to  find  an  expression  for  <^(^)  in  terms  of  F(0)  and 
constants.  It  will  then  be  a  simple  matter  to  determine  f(0)  in 
terms  of  F{6)  if  the  sensibility-curve  of  the  eye  [V^(^)]  is  assumed 
as  known.  As  will  be  shown  later,  however,  this  last  step  is  not 
necessary,  since  in  spectro-photometry  relative  measurements  of 
two  spectra  are  made,  and  if  the  substitution  method  is  employed, 
and  the  comparison  spectrum  is  maintained  constant,  the  function 
"^(0)  is  not  directly  involved. 

Expression  of  F(0)  as  a  function  of  4>(0). — The  luminous  flux 
through  the  slit  7'  of  the  telescope  from  the  source  at  5"  may  be 
separated  for  theoretical  considerations  into  two  portions.  The 
first  portion  corresponds  to  wave-lengths  for  which  the  images  of 
S  formed  at  the  eyepiece  slit  T  by  the  light  of  those  wave-lengths 
fall  entirely  within  the  limits  of  T.  The  second  portion  consists 
of  the  remaining  flux  from  S  through  T.  Let  v  represent  in  mag- 
nitude a  deviation  A^  in  0,  where  0  corresj^onds  to  the  deviation  of 

'  This  slit-widlh  ihus  measured  will  iheoretit  ally  l)e  slij^htly  dilTcrcnt  in  dilTerent 
regions  of  the  siK'drum  owinn  lo  the  magnification  by  the  prism,  which  is  equal  to 
unity  only  at  the  an^le  of  minimum  deviation.  If,  however,  the  slit-widths  of  S  are 
always  measured  in  an>;ular  units  on  the  divided  circle  of  the  telescope  no  error 
will  result  in  the  application  of  the  following  analysis. 
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the  rays  which  fi)rm  an  image  of  S  at  the  center  of  the  slit  T  of  the 
telescope.     The  two  portions  of  the  luminous  tlux  throuj^h  the  slit 
T  are  represented  by  the  lirst  and  second  integrals,  respectively,  of 
the  right-hand  member  of  equation  (i).' 
Where  b>a 


Fie)= 


b-a 


[^(e-\-v)-\-4>{d 


b+a 

-v)]dv-\-  r '  ^ 

Jb-a 


6+fl— 2f 


me-\-v) 


■j-<f>id-v)]dv 


(l) 


Expanding  by  Taylor's   theorem   the  functions    (f>(0-\-v)   and 
(f>{d—v)  there  follows — 


F{e)= 


b 

I 


2:  4! 


.  ]dv-\- 


o-t- 

r 

Jb-a 


b+a 

b-\-a—2v. 


2a  2! 


]dv 


(2) 


which  on  integration  gives 

F{e)=A<i>{e)^B4>'\e)+c<i>''\e)+D<i>'\e)+ 


(3) 


the  desired  expression  where 


\ 

(2)' 

2 

a 

B  = 

(2V 

4 

a 

C= 

(2)5 

6 

a 

D  = 

"(2V 

8 

a 

-[{b-\-ay-{b-ay] 


[ib-{-ay-ib-ay] 


[{b-\-ay-(b-ay] 


[ib+ay-{b-ay\ 


(4) 


'  In  this  analysis  it  is  assumed  that  b^a,  since  there  would  probably  be  no  reason 
why  a  should  be  larger  than  b  in  practice.    Moreover,  the  corrections  for  a  given  value 

of  a+b  and  for  a  given  ratio  -  =  k  are  precisely  the  same  as  those  for  7  =  ^,  if  a+b 


remams  constant. 
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Expression  of  <^(^)  in  terms  of  F{d). — To  this  end  consider  the 
functionF(^+c).  In  a  manner  similar  to  that  followed  above  for 
the  expression  of  F{6)  in  terms  of  (^{d)  there  results 

F{d+c)  =  .H{6+c)+B<i>'\e+c)+C<i>'\6+c)+  ....  (5) 

where 

2 !  / 

Substitution  of  these  values  of  <^(^+r).  </)"(^+c).  etc.,  in  equation 
(5)  gives 

(^i^+f +.)<^-^(^)+(f +f +a)^^(^)+  (7) 

Similarly, 

F{e-c)  =  A4>(d)-Ac<i>{e)^{^^+BY'\e)-(^\''^+BcY''\^)+-  ■  •  •  (8) 

If  A^F{0)  is  defined  as  follows 

A'F(d)  =  Fid-\-c)-^F(e-c)  -  2F{6), 
there  results  from  equations  (3),  (7),  and  (8) 

A^/?(e)  =  5'(/,"(^)+C>'^(e)+Z)>^'(^)+  ....  (9) 

where 

,,,       ,/Ac' ,  Be' ,  C\  \ 

"="(6! +  4!+.!/  / 

From  equation  (9)  it  follows  that 

A'F(e+c)  =  B'<t>''(0+r)+C'<i>''(e+c)  +  D'<t>"(6-\-c)-\-   ....       (11) 
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Substituting   for   <t>^\0-\-c),   (f>^^{0-\-c),   etc.,    the   values    given   in 
equations  (6) 

/B'c^    C'c\  ' 

(TT+Tf)*  ("'+  ■  ■  •  • 

In  a  similar  way 

(f>^y(.H....     P"^ 

Defining  A-'F(^)  as  follows: 

A4F(^)  =  A^F(^+  r)  +  ^'F(0-  c)  -  2  A^F(^) 
there  results  by  substitution  from  equations  (9),  (12),  and  (13) 

A4FW  =  C'V^(^j+Z)'>^'(^)+,  etc.  (14) 


where 

2! 


<^"=2C\, 


In  a  quite  similar  way  expressions  may  be  obtained  for  A^F{6), 
A8F(^),  etc.,  in  terms  of  (t>^'HO),  <^^'"^(^),  etc.,  and  constants.  It  is 
then  possible  to  evaluate  <f>^\6),  (f)^""  (6),  etc.,  of  the  right-hand 
member  of  equation  (3)  in  terms  of  A^F(6),  A^F{0),  etc.,  with  the 
following  result  [see  equations  (9)  and  (14)]: 


<l>ie)=j[Fid)-K^^F{e)+L:^*F{e)-{-  .  .  .  .]  (i6) 


where 


BC'-B'C  '     ^^^^ 

^        B'C" 

[For  the  case  where  b=a  and  where  the  sensibility-curve  of  the 
eve   does   not    enter,    so   that    '«/^(^)  =  constant=  i,    there   follows 
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(f)(8)  =  f(6),  and  equation  (i6)  reduces  to  Runge's  expression  for  the 
correction  in  spectrometry  with  the  linear  bolometer  or  thermopile 

am  =  2\  ^-^A^FiOn^-^^^Fie)-,  etc.n  (i8) 

(       2.  4.  O. 

Expression  of f{d)  in  terms  of  F{6). — Thus  far  only  the  spectrum 
of  a  single  source  has  been  considered,  and  the  analysis  has  led  to 
an  expression  of  the  luminosity  of  the  pure  spectrum  [<^(^)]  in  terms 
of  the  luminosity  of  the  impure  spectrum  [F{6)].  From  the  defini- 
tion 4>i6)  =  y{r(6)f(d)  it  is  seen  that  the  determination  of  /(^),  the 
intensity  in  the  pure  energy  spectrum,  in  terms  of  the  measured 
F{0),  necessitates  a  knowledge  of  the  sensibility  function  "^{0)  under 
the  conditions  under  which  F{0)  was  measured.  The  same  result 
may  be  accomplished,  however,  in  a  simpler  way. 

In  spectro-photometry  one  is  concerned  with  the  relative 
intensities  of  two  spectra,  rather  than  with  the  absolute  intensity 
of  one.  If  the  substitution  method  of  measurement  is  employed 
one  determines  the  impure  luminosity-curve  of  one  source,  repre- 
sented by  the  function  F{d),  in  terms  of  the  impure  luminosity- 
curve  Fo{0)  of  some  other  source,  which  may  for  simplicity  be  called 
the  standard  source,  through  the  medium  of  the  impure  luminosity- 
curve  F'(6)  of  some  third  comparison  source.  The  pure  energy- 
curve  of  the  standard  source,  represented  by  /o(^),  is  presumably 
known,  and  from  this  it  is  desired  to  determine  the  corresponding 
function  f(0)  of  the  test  source.  //  Ihe  comparison  spectrum  is 
maintained  absolutely  constant  throughout  the  intercomparison  of 
the  test  and  standard  sources  (which  condition  involves  the  con- 
stancy of  the  slit-widths  h  and  a')  then  '^(d)  =  y^j6)  =  y^r' {6) ^  and  so 


from  which 


(19) 


m-.m^^  (.0) 

Substituting  in  equation  (2)  for  <t>{0)  and  <f>o(0)  their  values  as 
given  in  equation  fi6).  and  remembering  [equation  (4)]  that 
A=Ao=b,  there  follows: 

f((i^-f  (ft^    f(^)-K^'nO)+LA*F{e)-\-,  etc. 

^^^'^"^  'UAe)-KA'Fm-¥Ui^*Fo{e)+,  etc.  ^"^ 


(22) 
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But  the  actual  quantities  determined  in  the  spectra-photometric 
measurements  are 

SO  that 

F{e)  =  Rid)F'{e) 

Substituting  these  values  in  equation  (21)  there  follows 

f(ft^-f(f>)    R{0)F'{0)-K^^[R{0)F'm-^LMm)F'm-\-,  etc. 

JKV    J^^''^R^^e)F\e)-KMRo{&)F'{e)]-\-LoHR,{0)F'{e)]-\-,  etc.       ^'^^ 

where  A'  and  L,  and  A'o  and  Lo  are  given  by  equations  (17),  (15). 
(10).  and  (4)  in  terms  of  the  constant  slit-width  b  of  the  telescope 
and  the  sUt-width  of  the  collimator,  respectively  taken  as  a  and  «„ 
for  the  test  and  standard  sources.^ 

In  equation  (24)  the  function  /(^).  giving  the  distribution  of 
energy  in  the  pure  spectrum  of  the  test  source,  is  expressed  in  terms 
of  known  or  measurable  quantities.  The  function  /o(^)  for  the 
standard  source  is  presumably  known;  R(0)  and  Ro(^)  are  the 
ordinary  spectro-phctometric  ratios  where  the  substitution  method 
is  employed;   F'(0),  the  luminosity  of  the  impure  spectrum  of  the 

'  \'arious  investigators  have  found  indications  of  a  lack  of  proportionality  between 
the  apparent  flux  of  light  through  the  collimator  slit  of  a  spectro-photometer  and  the 
width  of  the  slit,  even  though  the  slit  is  of  the  Vierordt  t\-pe  having  bilateral  motion. 
From  the  theory  developed  in  this  paper  such  a  result  is  to  be  expected  for  all  wave- 
lengths except  in  those  regions  of  the  spectrum  where  the  impure  luminosity-curve 
is  a  straight  line.  But  Murphy  {Aslrophysical  Journal,  6,  g.  1897)  finds  lack  of  pro- 
portionality even  at  these  wave-lengths,  and  ascribes  the  discrepancy  to  diffraction. 
In  order  to  clear  up  this  point  very  careful  measurements  were  made  at  the  wave- 
length X  =  0.57/1  at  which  for  our  conditions  the  impure  luminosity-cur\-e  is  a  straight 
line.  .\n  extended  source  (the  illuminated  magnesium  carbonate  block)  was  used, 
and  readings  were  made  for  slit- widths  ranging  from  0.05  mm  up  to  0.4  mm,  the 
observed  luminosity  being  maintained  constant  by  the  variable  sectored  disk.  Under 
these  carefully  prescrilied  conditions  there  was  an  ap|)arcnt  lack  of  proportionality  if 
the  drum  readings  were  taken  as  giving  the  slit-width;  but  a  careful  calibration  of 
the  slit  with  a  micrometer  microscope  showed  the  drum  readings  to  be  in  error  by  such 
an  amount  that  the  proportionality  was  established  when  the  corrected  slit-widths 
were  taken. 
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comparison  source,  remains  to  be  determined.  The  curve  repre- 
senting this  function  may  be  obtained  by  a  direct  measurement, 
using  either  the  spectro-photometer  (at  least  this  measurement  can 
be  made  in  the  Schmidt  &  Haensch  form  of  the  Lummer-Brodhun 
spectro-photometer)  or  some  other  suitable  instrument,  or  it  may 
be  computed  from  the  knowTi  energy-curve  of  the  source,  together 
with  the  dispersion-curve  of  the  spectro-photometer  prism  and  the 
proper  sensibihty-curve  of  the  eye.  The  requisite  accuracy  in  the 
determination  of  F'(0)  will  be  discussed  later  in  considering  numeri- 
cal results. 


C.      APPLICATION   TO   SPECTRO-PHOTOMETRIC    MEASUREMENTS 

In  applying  equation  (24)  to  spectro-photometric  measurements 
it  is  assumed  that  the  energy  distribution /o(^),  in  the  pure  spectrum 

of  the  so-called  standard 
scrurce,  the  luminosity 
distribution  F'{0)  in  the 
impure  spectrum  of  the 
comparison  source,  and 
the  luminosity  ratios 
Rie)  and  RJe)  are 
known  continuous  func- 
tions. It  is  further  as- 
sumed that  R{0)  and 
Ro{0)  were  determined 
under  the  prescribed 
condition  that  F'{0) 
remained  constant 
throughout  the  measurements,  this  condition  implicitly  involving 
the  constancy  of  the  two  slit-widths  h  and  a'.  Supposing  the 
constants  A',  A'o,  L,  and  Lo  to  have  been  evaluated,  the  application 
of  equation  (24)  is  made  as  follows: 

Form  the  two  functions  \R(0)F'(e)]  and  \RJ0)F'(e)]  and  plot 
them  as  functions  of  0  as  illustrated  in  Fig.  2.  If  BP  represents  the 
value  of  this  function  for  some  value  of  6  given  by  OP,  and  ii  AM 


Fig.  2 
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and  C\V  represent  values  of  the  function  corresponding  to  ^+r  and 
0—c,  where  c  is  expressed  in  the  same  anguhir  unit  as  0,  then 

^'[R{6)F\d)]=-2BD  (25) 

In  a  simihir  wa\\  from  the  curve  representing  the  function 
':^'[R{6)F'(e)\  the  numerical  values  of  AiR(6)F'(6)]  are  obtained. 
From  the  values  of  A'[R(e)F'(6)]  and  A'[R(e)F'(0)]  the  numerator 
of  the  right-hand  member  of  equation  (24)  is  computed  for  all  values 
of  0\  and  in  a  quite  similar  way  the  denominator  is  evaluated. 
Hence  /(^)  is  known  at  once  in  terms  oi  JJ0).  If  there  were  no 
slit-width  correction  equation  (24)  would  be 

If  we  denote  by  ^  the  correction  evaluated  in  the  way  outlined 
above,  equation  (24)  may  be  written  in  this  form: 

/W=/oW|^(i  +  8)  (27) 

D.      NUMERICAL    RESULTS    FOR    BLACK-BODY    SPECTRA 

As  was  stated  in  the  introduction,  the  preceding  theory  was  de- 
veloped in  order  to  determine  with  greater  accuracy  from  spectro- 
photometric  measurements  the  energy  distribution  in  the  spectrum 
of  a  black  body  at  some  temperature,  say  2500°  Abs.,  assuming 
as  known  the  energy  distribution  in  the  spectrum  of  the  black  body 
at  some  other  temperature,  say  1500°  Abs.  The  correction  factors, 
5.  [equation  (27)]  have  been  evaluated  for  spectro-photometric 
intercomparisons  of  black-body  spectra  at  difTerent  temperatures 
and  under  difTerent  conditions  of  collimator  and  telescope  slit-width. 

The  results  are  plotted  in  Figs.  3  and  4.  In  Fig.  3  the  abscissas 
are  wave-lengths  and  the  ordinates  are  values  of  S  e.xpressed  in 
per  cent  for  the  intercomparison  of  the  spectrum  of  a  black  body 
at  1500°  Abs.  with  that  of  a  black  body  at  the  following  tempera- 
tures: 1800°  Abs.  (curve  a),  2000°  Abs.  (curve  6),  and  2500°  Abs. 
(curve  c),  in  each  case  under  the  slit-width  condition  that  a  =  b  =  o°i 
(  =  0.4  mm  approximately),    /o(^)  and  Roi^)  refer  to  the  black 
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body  at  1500°  Abs.  and/(^)  gives  the  pure  energy  distribution  for 
the  black  body  at  the  higher  temperatures.  By  reference  to  curve 
c  it  is  seen  at  once  that  the  relative  intensity  of  energy  emission  in 
wave-lengths  o.  5  m  and  o.  66  ^t  in  the  case  of  a  black  body  at  2500° 
Abs.  as  determined  from  spectro-photometric  comparison  with  a 


Wave-Lengths 

KiG.  3. — Percentage  corrections  to  energy-curves  of  a  black  body  at  various 
temperatures  as  determined  through  comparison  with  that  of  a  bhick  body  at 
1500'  Abs.,  when  the  collimator  and  telescope  slits  arc  each  equal  to  o?i  (0.4mm 
approximately). 

-I-  Data  based  on  visibility-curve  of  A.  W.     (Some  of  these  defeclivc  on  engraving.) 
o  Data  based  on  visibility-curve  of  A.  K. 

black  body  at  1500°  Abs.  is  in  error  l)y  2.2  per  cent  (5= +0.5  per 
cent  at  X  =  o.  5  a^,  and  S=  —  i .  7  at  X  =  o.66  /u,)  and  needs  to  be  cor- 
rected by  that  amount.  Similar  but  smaller  errors  enter  for  inter- 
comparisons  at  smaller  temperature  differences  but  even  when  the 
temperature  difTerenccs  are  only  400°  or  500°  the  corrections  are 
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appreciable  and  should  be  allowed  for  in  accurate  work  where  the 
attempt  is  made  to  keej)  the  errors  within  one  j^er  cent. 

The  values  of  8  plotted  in  Fig.  3  are  for  the  case  where  the 
collimator  and  telescope  slit-widths  are  equal  to  each  other  and 
each  is  equal  to  o?i  (  =  0.4  mm,  approximately).  As  either  slit- 
width  is  increased  the  values  of  5  also  increase.     Thus  Fig.  4  shows 
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Wave-Lengths 

Fig.  4. — Percentage  corrections  to  energy-curves  of  a  black  body  at  various 
temperatures  as  determined  through  comparison  with  that  of  a  black  body  at  1500° 
Abs.,  when  the  collimator  and  telescope  slits  are  each  equal  to  o?2  (0.8mm 
approximately). 

curves  similar  to  those  given  in  Fig.  3.  except  that  the  slit-widths 
are  twice  as  wide,  each  equaling  o?2  or  0.8  mm,  appro.ximately. 
The  values  of  S,  and  hence  the  errors  under  these  circumstances 
are  about  four  times  as  large  as  the  corresponding  values  of  S  for 
a  =  b=o°i.  In  intercomparing  the  spectra  of  two  black  bodies  at 
1500°  and  2500°  Abs.  the  relative  errors  between  the  two  wave- 
lengths X  =  o.5M  and  X=o.66ai  amount  to  approximately  9  per 
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cent.  Even  when  the  temperature  difference  is  only  200°  or  300° 
the  correction  becomes  appreciable  in  accurate  work  when  the  slit- 
widths  are  as  large  as  0.8  mm. 

When  a-\-b  remains  constant,  but  the  relative  values  of  a  and 
b  change,  the  values  of  S  again  undergo  a  change.     Thus,  consider 
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Fr..  5. — Relative  corrections  at  X  =  0.625  m  and  X  =  o.5  m  to  the  energy-curves 
of  a  black  body  at  various  temperatures  obtained  through  comparison  with  that  of  a 
black  bfKJy  at  1500°  .\bs. 


Curve  A,  a+6=o?2;     =1 
a 

Curve  B,  o+A»o?2;     =4 


Curve  C,  a-(-6=o?j;     =00 
a 

Curve  D,  o+A=o?4;     =1 


the  errors  in  the  relative  emission  at  the  two  wave-lengths  0.625  ^ 
and  0.5  /*  for  various  temperatures  and  various  values  of  a  and  h. 
Data  of  this  nature  are  given  in  Fig.  5  in  which  the  ordinates  are 
^o  6jsm~^o  5M  'iri^i  the  abscissas  arc  temperatures  between  which  and 
1500°  Abs.  the  comparisons  are  made.  Curves  are  plotted  lor  the 
following  cases: 
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Cur\c  .1;  a-\-h  =  o°.2\  -=i 
a 

Curve  B;  a  +  b  =  o°.2\     =4 
a 

Curve  C;  a-\-h  =  o°.2\     =  >: 
a 

Curve  Z>;  (for  comparison)  a-\-b  =  o°.^;     =1 

It  is  thus  seen  that  as  the  ratio     differs  from  unitv,  a-\-b  remain- 

a 

ing  constant,  the  error  increases  until  -=  00  when  the  error  is  about 
•^  a 

b  b  ... 

twice  that  at  -=  i.     Curve  D  for    =  i  but  a-\-b=o°^  is  given  tor 
a  a 

comparison. 

If  the  curves  of  Fig.  5  had  been  plotted  for  the  two  wave- 
lengths 0.66  A^  and  o.^h-  instead  of  0.625  ft  and  0.5  ;a.  the  correc- 
tions would  have  been  nearly  twice  as  large  (see  Figs.  3  and  4).  but 
the  uncertainty  in  the  corrections  makes  it  advisable  to  avoid  the 
extreme  wave-lengths  at  the  red  end  of  the  spectrum.  In  this 
region  the  rapid  change  in  the  sensibility-curve  combined  with  the 
increasing  energy  and  the  relatively  small  dispersion  makes  the 
correction  relatively  large  and  difficult  of  evaluation. 

From  a  consideration  of  the  data  given  in  the  three  preceding 
figures  it  is  evident  that  quite  appreciable  errors  may  occur  in  the 
determination  of  the  energy-curve  of  a  black  body  at  one  tempera- 
ture from  the  energy-curve  of  a  black  body  at  another  temperature 
by  means  of  spectro-photometric  comparisons,  since  it  is  not  unusual 
that  the  slit-widths  of  the  collimator  and  telescope  are  of  the  order 
of  magnitude  of  0.4  to  0.8  mm. 

It  is  to  be  noted  that  when  the  energy-curve  of  a  black  body  at 
any  temperature  is  determined  from  spectro-photometric  compari- 
son with  a  black  body  at  a  lower  temperature  the  correction  for 
impurity  of  spectrum  is  always  such  as  to  increase  relatively  the 
bine  end  of  the  computed  energy-curve. 

The  question  of  the  accuracy  to  which  F'(d)  must  be  known  was 
raised  in  an  earlier  part  of  the  paper.  An  answer  to  this  is  found 
in  curve  c.  Fig.  3.     The  points  plotted  thus,  "o."  were  obtained  on 
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the  basis  of  one  F'{0)  curve,  and  the  points  plotted  thus,  ''  +  ,"  were 
obtained  on  the  basis  of  another  somewhat  different  curve  of  F'{6). 
These  two  curves  of  F'(6)  are  shown  in  Fig.  6,  and  it  is  e\ident  that 
the  cur\-e  of  F'{6)  need  not  be  determined  with  extreme  accuracy 
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Fig.  6. — Scnsibilily-curvcs  corresponding  to  luminosity  distribution  in  spectrum 
of  a  l)lack  body  at  1500"  Abs. 

Curve  I,  Obscrs'er  K.  Curve  2,  Observer  W. 


in  order  to  (oniijutc  the  values  of  8.  The  reason  for  this  is  to  be 
found  in  the  use  of  the  same  F'{B)  curve  in  both  the  numerator  and 
denominator  of  equation  (24).  On  the  other  hand,  small  errors  in 
the  two  curves  representing  R(B)  and  R„(0)  render  difficult  the 
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determination  of  A^\R{e)F\0)l  A^[Rje)F'(e)l  A-'(/?(^)F'(^)],  etc. 
The  nunu-rical  data  given  in  this  paper  were  computed  assuming 
the  Planck  equation  lor  spectral  energy  distribution.  In  correcting 
the  relativve  energy-curves  of  two  incandescent  solids  with  spectra 
similar  to  those  of  a  black  body,  it  is  i)rol)al)ie  that  higher  accuracy 
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will  result  if  the  correction  terms  are  approximated  from  the  curves 
given  in  this  paper  for  a  black  body,  rather  than  if  an  attempt  is 
made  to  compute  them  directly  from  the  observed  ratios  R(0)  and 
/?o(^).'     Thus,  if  one  incandescent  solid  has  a  luminosity-curve 

'  In  order  that  anyone  may  be  better  able  to  determine  the  applicability  of  the 
numerical  results Ri^cn  in  this  paper  to  his  work  the  calibration-curve  of  the  dispersing 
prism  is  gi\en  in  Fig.  B. 
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quite  similar  to  that  of  a  black  body  at  1800°,  and  another  solid  has 
a  curve  similar  to  that  of  a  black  body  at  2300°,  the  corrections  will 
be  very  nearly  the  same  as  those  for  two  black  bodies  at  1800°  and 
2300°. 

Although  all  the  data  given  in  the  various  curves  of  the  different 
figures  were  computed  rather  than  observed,  the  following  experi- 
ment gives  a  general  experimental  confirmation  of  the  deductions. 
If  two  black-body  spectra,  one  corresponding  to  a  black  body  at 
2100°  or  2200°  Abs.  and  the  other  to  a  black  body  at  1700°  or  1800° 
Abs..  are  intercompared  by  the  substitution  method,  first,  when  the 
collimator  and  ocular  slits  are  each  0.4  mm  and  then  when  they 
are  each  0.8  mm,  the  comparison  spectrum  remaining  constant,  the 
spectro-photometric  ratios  under  the  two  circumstances  should  be 
different  by  an  amount  readily  discernible.  Thus,  if  R^,  is  the 
ratio  of  the  luminosity  of  the  black  body  at  the  high  temperature 
to  that  at  the  low  temperature  for  Xi  =  0.515 /^  and  for  slit-width 
a  =  6  =  0.4  mm;  i^A,  the  corresponding  ratio  for  ^-2  =  0.67 /i;  i^'^.  the 
similar  ratio  for  Xj  =  o .  5 1 5  ft,  and  a  =  b  =  o.S  mm ;  and  R'k,  the  cor- 
responding ratio  for  X_,=  o.67  At;  then  it  should  be  found  according 
to  the  theory  that 

Rk,    R  \,   ,  . 

■^-  =  ^r   (i  +  4  per  cent  or  5  per  cent). 

For  the  two  black -body  spectra,  that  of  a  tungsten  lamp  at  rela- 
tively high  voltage,  and  that  of  a  carbon  lamp  at  relatively  low 
voltage,  were  used,  the  voltages  being  chosen  to  approximate  the 
stated  conditions  of  temperature.  The  comparison  spectrum  was 
maintained  C(mstant  both  in  quality  and  in  intensity  by  making  the 
comparison  collimator  slit  0.8  mm  wide  when  the  ocular  slit  was 
0.4  mm,  and  0.4  mm  wide  when  the  ocular  slit  was  0.8  mm. 
Under  these  conditions  two  dififerent  observers  made  measurements 

which  showed  the  ratios  ,.  '  and  „,  '  to  be  different  in  the  direction 

and  by  the  apj)r().\imatc  amount  indicated  in  tlie  al)ove  equation. 
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E.     APPLICATION   OF    SLIT-WIDTH   CORRECTIONS   IN   TEMPER.A.TURE 

MEASUREMENTS 

It  is  sometimes  convenient,  as  in  the  author's  work  on  selective 
radiation,  to  compute  the  temperature  at  which  a  black  body  would 
have  a  jjiven  curve  of  energy  distribution  in  the  visible  spectrum, 
in  cases  where  this  energy-curve  has  been  obtained  through  spectro- 
photometric  comparisons  from  a  known  distribution  of  energy,  as 
of  a  black  body  at  some  known  temperature.  The  magnitude  of 
the  error  in  the  computed  temperature  owing  to  the  error  due  to 
impurity  of  spectrum  can  readily  be  evaluated.     From  Wien's  Law 

J  =  —cl  (28) 

there  is  obtained  on  differentiation 

dJ  _  C2     dT  ^  ,    V 

~j~\f    Y  ^^^' 

For  a  given  percentage  change  m  temperature,  ^,  the  relative 

change  in  intensity  at  Xj  compared  with  the  change  at  ^.2  is  given 
bv  the  equation 

Conversely,  if  the  relative  change  at  Xj  compared  with  that  at  X^ 
is  known,  i.e.,  if  1^1  ~"lS  )  is  known,  the  corresponding  change 
in  temperature  can  be  computed.     Applied  to  the  sUt-width  errors 

the  relative  errors  at  the  two  wave-lengths  A-,  and  X_,.  Hence  the 
percentage  error  in  temperature  owing  to  the  slit-width  errors  is 
given  by  the  equation 

Thus,  suppose  X,  and  X^  are  taken  as  o .  5  /x  and  o .  66  /*  respectively, 
and  that  the  intercomparison  is  made  between  the  spectrum  of  a 
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black  body  at  1500°  Abs.  and  that  of  a  black  body  at  2500°  Abs., 
the  slit-widths  being  a  =  b  =  o°2.  From  Fig.  4,  the  values  of  B  are 
^0.5=  + 2.0  per  cent  and  ^o  66=  —70  per  cent  so  that  ^a,— ^a.=  9o 
per  cent.     Moreover,  C2=  14.500  so  that  equation  (32)  becomes 

dT     0.66X0.5^^2500^^  ,    . 

~^=~^77 ^X-'^         Xo. 09  =  0. 032,  U^) 

T     0.66-0.50     14500  ^  ■^■^ 

or  80°  in  2500°,  a  quite  appreciable  quantity.  Hence  if  the  tem- 
perature of  a  black  body  at  2500°  were  computed  from  the  spectro- 
photometric  ratios  obtained  through  intercomparison  under  the 
stated  conditions  with  a  black  body  at  1500°,  it  would  be  found  to 
be  2420°  instead  of  2500°  unless  the  corrections  for  slit-width  were 
applied. 

It  is  to  be  noted  that  the  temperature  correction  is  always  in 
such  a  direction  as  to  increase  the  observed  difference.  Thus,  the 
true  temperature  is  higher  than  that  observed  from  spectro- 
photometric  comparison  with  a  black  body  at  a  lower  temperature, 
and  conversely  the  true  temperature  is  lower  than  that  observed 
from  spectro-photometric  comparison  with  a  black  body  at  a  higher 
temperature. 

F.      SUMM.4RY 

1.  Owing  to  the  impurity  of  the  spectrum  due  to  the  finite 
widths  of  the  collimator  and  ocular  slits,  it  is  necessary  to  correct 
the  relative  luminosity-curves  of  two  sources  compared  in  a  spectro- 
photometer in  order  to  determine  the  true  relative  energy-curves 
of  the  sources. 

2.  This  slit-width  correction  is  most  readily  api)lic(l  when  the 
substitution  method  of  measurement  is  employed,  and  the  com- 
parison spectrum  is  maintained  constant. 

3.  The  correction  is  less  as  the  slit-widths  are  less  and  for  any 
given  sum  of  the  two  slit-widths,  a-\-h,  the  correction  is  least  where 
a  =  h. 

4.  .\i)j)lied  to  spectra  of  the  black-body  lyj)c,  the  corrccliim  is 
appreciable  in  accurate  work  even  though  the  temi)erature  differ- 
ence between  the  two  sources  is  only  a  few  hundred  degrees,  and 
the  slit-widths  are  quite   favorable   (a  =  l)  =  0.4  mm).      Ilie   tern- 
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perature  correction  is  always  in  such  ;i  direction  as  to  increase  the 
observed  difTerence  of  temperature. 

5.  In  determining  the  temj)erature  of  a  bhick  Ijcjdy  at  about 
2500°.  from  spectro-photometric  comparison  with  a  black  body  of 
known  temperature  of  about  1500°,  an  error  of  80°  may  result  if  the 
slit-widths  are  a  =  ft  =  o.8mm  and  the  wave-lengths  at  which  the 
comparison  is  made  are  X,  =  o.5At  and  A._;  =  o.66/i. 

PART  II      A   NEW  FORM   OF   VARIABLE   ROTATING   SECTORED 
DISK   FOR   USE   IX   SPECTRO-PHOTOMETRY 

A.      INTRODUCTION 

It  has  been  recognized  for  a  long  time  that  in  spectro- 
photometric  comparisons,  as  well  as  in  ordinary  photometric 
measurements,  more  accurate  results  in  general  are  attainable  if 
the  method  of  substitution  is  employed.  Any  dissymetry  in  the 
instrument  or  any  personal  idiosyncrasy  of  the  observer  is  much 
less  productive  of  error  when  the  two  spectra  to  be  compared  are 
formed  successively  by  precisely  the  same  optical  system,  and  are 
viewed  in  precisely  the  same  relation  to  the  comparison  spectrum. 
But  heretofore  apparently  no  attention  has  been  paid  to  the  neces- 
sity of  maintaining  the  comparison  spectrum  absolutely  constant 
throughout  the  measurements.  It  has  apparently  been  a  matter 
of  indifference  whether  the  variable  sectored  disk  is  placed  on  the 
side  of  the  comparison  source  or  on  the  other  side,  w^here  the  two 
sources  whose  spectra  are  to  be  compared  are  successively  mounted. 

The  theory  developed  in  the  preceding  paragraphs  of  this  paper 
indicates,  however,  the  necessity  of  maintaining  the  comparison 
spectrum  absolutely  constant  throughout  the  measurements.  The 
correction  for  impurity  of  spectrum  in  its  simplest  application 
involves  the  luminosit\-curve  of  one  of  the  sources,  and  further 
assumes  that  the  luminosity  of  the  comparison  spectrum  remains 
constant  throughout  the  measurements.  If  the  luminosity-curve 
of  the  comparison  source  is  determined  once  for  all — a  rather 
tedious  task  under  any  circumstances — it  may  be  used  in  much  of 
the  spectro-photometric  work  involving  continuous  spectra  of  the 
general  type  given  by  a  black  body  at  various  temperatures. 
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If  the  comparison  spectrum  is  to  be  maintained  constant,  how- 
ever, it  becomes  necessary  to  secure  the  photometric  balance  by 
varying  the  intensity  of  the  test  source.  If  a  variable  rotating 
sectored  disk  is  used  for  this  purpose/  it  must  be  capable  of  accurate 
adjustment  over  a  wide  range  of  openings,  particularly  at  small 
openings.  One  is  ordinarily  more  interested  in  obtaining  accurate 
luminosity  values  in  the  region  of  the  specirum  where  the  luminos- 
ity is  relatively  high.  If  the  sectored  disk  is  used  on  the  comparison 
side  the  readings  of  relatively  high  luminosity  of  the  test  source 
are  made  with  the  sectored  disk  set  at  a  large  angular  opening, 
whereas  the  readings  of  relatively  low  luminosity  are  obtained  by 
reducing  the  sectored  disk  opening  to  somewhat  smaller  values. 
If,  on  the  other  hand,  the  sectored  disk  is  used  on  the  test  side 
the  reverse  is  the  case.  It  hence  becomes  necessary  at  times  to 
determine  accurately  very  small  transmissions. 

The  two  types  of  variable  sectored  disk  available  for  accurate 
work  are  the  elaborate  Lummer-Brodhun  sector  and  the  very 
ingenious  sector  used  in  the  Brodhun  ''Strassenphotometer.''  The 
former  is  quite  complicated  and  expensive,  whereas  the  latter  is 
comparatively  simple  and  cheap.  But  in  both  forms  of  disks  as 
regularly  designed  it  is  most  difficult  to  make  accurate  settings  at 
small  angular  openings  because  very  small  angular  motions  at  small 
openings  produce  relatively  large  changes  in  transmission.  Thus, 
an  angular  motion  of  1°  corresponds  to  a  change  of  i  per  cent  in 
transmission  when  the  total  opening  is  100°,  whereas  the  same 
angular  motion  corresponds  to  a  change  of  10  per  cent  in  trans- 
mission when  the  total  opening  is  10°.  On  this  account  it  is  evi- 
dently difficult  to  make  accurate  settings  at  small  transmissions  of 
the  disk  even  if  the  accuracy  of  the  sector  openings  is  not 
questioned. 

As  has  been  explained,  when  measurements  are  being  made  with 
due  consideration  of  the  corrections  for  impure  spectrum,  it  is  fre- 
quently necessary  to  measure  small  transmissions  with  high  accu- 
racy.    It  therefore  seemed  desirable  to  devise,  if  possible,  a  new 

'  The  assumption  is  made  ihaL  the  variable  rotating  sectored  disk  gives  in  general 
the  best  results  of  any  of  the  various  methods  that  are  em|)l()yed  for  accurately  measur- 
ing the  intensity  corres|)onding  to  a  balance  in  speclrn-pholomelric  com|)arisons. 
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form  of  variable  rotating  sectored  disk  which  should  meet  all  the 
requirements  demanded  in  the  most  accurate  spectro-photometric 
comparisons.  Such  a  disk  has  been  designed  and  constructed,  and 
has  now  been  used  for  a  considerable  time  with  entire  satisfaction. 

B.     DESCRIPTIOX   OF   NEW   DISK 

The  principle  on  which  the  new  form  of  disk  has  been  designed 
is  the  utilization  of  openings  whose  edges  are  not  radial.  In  all 
other  disks  which  have  been  used'  the  angular  openings  are  the 
same  at  all  radial  distances  from  the  center.  This  is  necessary  if 
the  beam  of  light  to  be  intercepted  is  wide,  as  in  ordinary  photome- 
try.    But  when  the  width  of  the 

beam  is  reduced  to  the  width  of  /;<<*?^^^^^^^^^^^^^^^^^>^ 

the  ordinary  slit  of  a  spectro-  /<^ \v  yi  ^*\ 

photometer,  the  necessity  of  ra-  ///.        \  ^^-t*';''^^~\  1  \\ 

dial  sectors  is  eliminated.     The  It  ,-     V  \^        \\ 

form  of  sector  which  has  been      .^Ufestl "  ]  J^^^^*ni — 

found   very  satisfactory  in   the         \v    ^^""^  f  \\ 

new  disk  is  that  shown  in  Fig.  7.  w--'         i"<~,^<::-^         Jj 

At  the  radial  distance  a,  the  total  \Sv     ]/^    ^"^^    /v 

angular     opening     is     approxi-  ^^^>.-___-<::^^^^^ 

matelv  324°,  corresponding  to  a 

'  .     .  ^  ^         «  i  Fig.   7. — \'ariable  sectored  disk  for 

transmission  of  90  per  cent.  At  3p,,t,,.photomeier. 
a  radial  distance  h  the  transmis- 
sion is  zero.  Between  these  two  limits  all  intermediate  trans- 
missions are  obtained.  If  then,  in  some  way  the  disk  is  made  to 
move  back  and  forth  along  the  line  CD.  the  slit  55  of  the  spectro- 
photometer collimator  can  be  made  to  come  at  any  radial  distance 
and  hence  at  any  percentage  transmission  of  the  disk.  This  motion 
is  accomplished  by  mounting  the  disk-bearings  on  a  carriage  which 
is  moved  along  ways  by  means  of  a  screw  which  is  supplied  with 
the  necessary  scales  for  reading  the  position  of  the  disk.     The 

»  Brace  devised  a  rotating  sector  to  be  used  in  calibrating  the  Vierordt  slit  of  his 
spectro-photometer  which  had  a  number  of  different  angular  openings  at  different 
radial  distances.  The  changes  in  angle  were  made  in  steps,  however,  so  that  for  a 
given  step  of  the  disk,  say  between  radii  r^  and  r^,  the  edges  were  straight  and  radial, 
though  the  angular  oi)ening  was  not  as  large  as  for  the  next  step,  between  radii  r^ 
and  rj. 
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ways  are  mounted  on  a  casting  which  is  rigidly  attached  to  the 
base  of  the  spectro-photometer.  A  photograph  of  the  complete 
apparatus  is  shown  in  Fig.  8. 

In  an  early  form  of  the  disk  the  edges  of  the  sector  openings 
were  straight  lines,  but  it  was  found  on  computation  that  the  trans- 
mission  gradient    for   different    radial   distances   was   quite   non- 


I'u,.  <S. —  The  complete  apparatus 

uniform,  j)articularly  near  the  peripher\-  of  the  disk,  when  a  slight 
linear  motion  of  the  disk  produced  a  much  larger  percentage  change 
in  transmission  than  at  smaller  radial  distances. 

Since  it  is  desirable,  as  explained  j)reviously,  to  have  the  trans- 
mission gradient  in  this  region  as  nearly  as  possible  the  same  as  that 
in  the  center  of  the  disk  a  modified  design  was  sought.  Of  course 
it  is  i)ossible,  theoretically,  to  construct  a  curve  for  the  edges  of  the 
sectors  such   that   the   transmission   gradient   shall   be  absolutely 
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constant,  hut  this  cxtrenic  condition  is  not  necessary.  It  was 
found  by  trial  that  if  the  edges  of  the  disk,  are  made  arcs  of  a  circle 
of  properly  chosen  radius  the  desired  end  can  be  approximately 
attained. 
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Distances  from  Center  of  Disk  in  Centimeters 
Fig.  9. — Computed  transmission-curve  for  variable  sectored  disk 

In  the  disk  which  is  shown  in  the  photograph  the  radius  a  is  5  cm 
and  the  radius  ft  is  10  cm.  For  this  disk  it  was  found  by  computa- 
tion that  the  most  satisfactory  results  are  obtained  when  the  edges 
of  the  sectors  are  arcs  of  a  circle  of  10  cm  radius.  The  computed 
transmission-curve  for  this  disk  is  shown  in  Fig.  9  in  which  the 
abscissas  are  linear  distances  measured  from  the  center  of  the  disk 
and    the    ordinates    are    relative    transmissions    in    terms  of   the 
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maximum  transmission  taken  as  unity.  The  curve  in  which  the 
interest  centers,  however,  is  that  giving  the  percentage  change  in 
transmission  at  different  relative  transmissions  corresponding  to  a 
Hnear  motion  of  the  disk  of  some  given  amount,  say  o .  i  mm.  Such 
a  curve  is  shown  in  Fig.  10. 

From  this  curve  it  is  seen  that  near  the  center  of  the  disk,  i.e., 
for  radial  distances  of  about  6  or  7  cm,  a  linear  motion  of  o.  i  mm 
corresponds  to  a  percentage  change  in  transmission  of  approximately 
0.75  percent.  This  relative  transmission  gradient  remains  fairly 
constant  over  a  large  range  of  distance  or  over  a  range  of  relative 
transmissions  from  about  10  per  cent  to  100  per  cent.  At  very  low 
transmissions,  however,  the  transmission  gradient  becomes  some- 
what steeper,  so  that  at  a  relative  transmission  of  5  per  cent  a 
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Fig.  10. — Percentage  change  in  transmission  corresponding  to  a  linear  displace- 
ment of  o.  I  millimeter. 

linear  motion  of  o.imm  produces  a  change  in  transmission  of 
1 . 3  per  cent  (i.e.,  i .  3  per  cent  of  5  per  cent)  and  at  2  per  cent  trans- 
mission it  produces  a  change  of  1.7  or  1.8  per  cent  (i.e.,  1.7  or 
1 . 8  per  cent  of  2  per  cent).  In  other  words,  throughout  the  entire 
range  of  transmission,  from  2  per  cent  to  100  per  cent  (relative 
values)  the  relative  transmission  gradient  remains  of  the  same 
order  of  magnitude,  the  extreme  values  being  in  the  ratio  of  about 
2:1.  To  appreciate  the  significance  of  these  figures  it  is  only 
necessary  to  note  that  for  a  corresponding  range  of  relative  trans- 
missions for  the  ordinary  tyj)es  of  disks  ihc  c()rres])()n(ling  ratio  of 
the  extreme  transmission  gradients  is  about  50:1. 

'J"he  data  given  in  the  above  curves  were  comi)utc'(l  on  the 
assumption  that  the  disk  was  constructed  precisely  according  to 
specifications.  It  may  be  (>f  interest  to  those  who  might  desire  to 
construct  a  similar  (Hsk  to  know  how  the  disk  was  actually  con- 


SrELTKO-rmnOMETRY  263 

structcd.  and  to  what  accuracy  it  fulfilled  the  specifications.  The 
construction  of  the  disk  was  made  possible  by  the  application  of  a 
device  previously  employed  in  our  laboratory  in  the  construction 
of  ordinary  disks  with  sectors  having  radial  edges.  This  device 
consists  in  making  the  edges  separately  and  mounting  them  sub- 
sequently on  the  body  of  the  disk  which  has  had  cut  in  it  openings 
slightly  larger  than  those  desired  in  the  finished  disk.  The  separate 
edges  can  be  ground  straight  or  made  of  any  desired  shape  and  then 
screwed  on  to  the  disk  body,  using  a  templet  in  mounting  them  so 
as  to  secure  the  greatest  uniformity  and  accuracy. 

This  scheme  was  employed  in  constructing  the  variable  sector. 
The  body  of  the  disk  was  made  of  aluminium,  and  the  edges  were 
turned  out  of  hard  brass,  great  care  being  exercised  to  keep  the 
ends  of  the  individual  edges  sharp  and  free  from  burr,  in  order  that 
the  two  edges  of  each  sector  could  be  mounted  accurately  in  con- 
tact on  the  disk  body.  This  precaution  is  most  important.  The 
edges  were  beveled  to  prevent  reflection,  blackened,  and  then 
mounted  with  the  aid  of  a  specially  designed  templet.  The  com- 
pleted disk  was  then  attached  to  a  shaft  mounted  with  ball  bear- 
ings on  a  carriage,  which  is  movable  along  a  V-shaped  track  by  a 
carefully  ground  screw.  The  position  of  the  disk  is  read  oft'  on  a 
millimeter  scale  in  conjunction  with  a  micrometer  attached  to  the 
screw-head.  The  disk  is  moved  back  and  forth  slowly  in  making 
a  setting  by  means  of  the  knurled  screw'-head;  but  for  rapid  motion 
a  small  crank  attached  to  the  shaft  of  a  gear-wheel  is  provided. 
The  position  of  the  disk  can  be  read  to  o.ci  mm,  and  the  back- 
lash is  negligibly  small.  The  disk  is  driven  by  means  of  a  pulley 
and  belt  from  a  small  motor  placed  in  a  stationary  position  on  the 
table  under  the  disk. 

C.      CALIBR.A.TIOX   OF    DISK 

The  disk  was  calibrated  in  position  by  comparison  with  a  num- 
ber of  standardized  sectored  disks  of  the  ordinary  type  with  fixed 
openings.  Taking  the  scale-reading  of  the  variable  sector  for 
equal  transmission  with  one  of  the  standard  disks,  say  a  90°  disk, 
the  scale-readings  for  other  transmissions  were  obtained,  and  these 
were  compared  by  reference  to  Fig.  9,  with  the  readings  that  would 
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have  been  obtained  if  the  disk  had  conformed  precisely  to  the 
specitications.  The  differences  between  the  observed  caHbration- 
curve  and  the  computed  curve  were  found  to  be  too  small  to  be 
shown  definitely  on  the  scale  to  which  the  curve  in  Fig.  q  is  drawn. 
Over  about  one-half  the  scale  near  the  middle  the  differences 
between  the  observed  and  the  computed  curves  were  less  than 

1  per  cent,  and  only  at  the  ends  of  the  scale,  i.e.,  at  extreme  trans- 
missions, were  the  errors  as  large  as  i .  5  or  2  per  cent.  Expressed 
in  another  way,  from  the  maximum  transmission  of  the  disk,  which 
we  may  call  100  per  cent,  to  a  transmission  of  5  per  cent,  on  the 
same  relative  scale,  the  difference  between  the  observed  and  com- 
puted curves  does  not  at  any  point  exceed  i .  5  per  cent  of  the 
transmission  at  that  point.     The  calibration  was  carried  down  to 

2  per  cent  or  3  per  cent  transmission.  Even  at  this  minimum 
transmission  the  correction  was  found  to  be  only  2  per  cent  or 

3  per  cent  of  the  transmission  at  this  point.  The  mechanical 
accuracy  obtained  by  Mr.  Wiirth,  the  mechanician  of  the  labora- 
torw  in  the  construction  of  the  disk  is  thus  seen  to  be  very  great 
when  one  considers  the  actual  magnitude  of  the  sector  openings  at 
the  low  transmissions.  Of  course  even  the  small  errors  observed 
are  allowed  for  in  plotting  the  calibration-curve  on  a  sufficiently 
large  scale,  as  has  been  done  for  our  own  use. 

D.      POSSIBLE    SOURCES    OF    ERROR 

It  is  evident  at  once  that  a  disk  of  this  form  is  adapted  only  to 
those  cases  where  the  beam  of  light  to  be  intercepted  is  of  small 
dimensions  compared  with  the  dimensions  of  the  disk.  This  is 
particularly  true  regarding  the  width  of  the  beam,  but  even  though 
the  width  may  be  small,  one  must  be  careful  to  see  also  that  the 
height  of  the  beam  is  not  excessively  great.  In  the  case  of  the 
ordinary  spectro-photometer  the  height  of  the  collimator  slit  need 
give  no  concern;  but  the  width  of  the  slit  needs  some  further  con- 
sideration. However  narrow  the  slit  for  all  finite  widths,  the  trans- 
mission through  one  side  will  be-  slightly  different  from  that  through 
the  other,  owing  to  the  transmis.sion  gradient  of  the  disk.  The 
cjuestion  naturally  arises  as  to  the  effect  of  this  on  the  indications 
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of  the  disk  in  practice,  particularly  as  the  slit-width  may  neces- 
sarily underjio  change. 

In  considerinji;  this  Cjuestion  it  will  be  assumed  that  it"  a  variable 
slit  is  used  on  the  collimator  it  will  be  of  the  X'ierordt  double  variety, 
so  that  the  center  of  the  slit  may  be  considered  fixed.  It  is  then 
necessary  to  consider  two  cases.  If  the  variable  sector  is  mounted 
at  some  distance  from  the  plane  of  the  collimator  slit  the  effect  of 
the  transmission  gradient  of  the  disk  will  be.  primarily,  to  produce 
a  non-uniform  field,  the  degree  of  non-uniformity  increasing  as  the 
disk  is  placed  farther  and  farther  from  the  slit.  If  the  disk  is 
mounted  at  any  great  distance  from  the  slit,  therefore,  errors  may 
arise  in  the  indications  of  the  disk,  even  though  one  may  be  able  to 
make  some  kind  of  a  setting  notwithstanding  the  non-uniformity 
of  the  field. 

If.  on  the  other  hand,  the  variable  disk  is  placed  as  close  as 
possible  to  the  plane  of  the  slit,  the  effect  of  the  transmission 
gradient  will  be,  not  to  produce  a  non-uniform  held,  but  rather  to 
permit  relatively  more  energy  of  some  w'ave-lengths  and  relatively 
less  energy  of  other  wave-lengths  to  penetrate  the  ocular  slit,  as 
compared  with  the  energy  of  that  wave-length  in  which  the  image 
of  the  collimator  slit  is  formed  in  the  center  of  the  ocular  slit. 
This  effect  would  theoretically  affect  the  luminosity  values  obtained 
by  the  use  of  the  sectored  disk,  but  under  all  practical  conditions 
the  error  is  negligibly  small.  Thus,  by  actual  computation  it  was 
found  that  for  a  collimator  slit  of  0.4  mm  and  an  ocular  slit  of 
1.0  mm  the  error  in  the  case  of  a  black-body  spectrum  is  of  the 
order  of  magnitude  of  o .  i  per  cent.  By  simple  considerations  it  can 
readily  be  seen  that  under  all  ordinary  conditions  the  error  due  to 
the  transmission  gradient  of  the  disk  is  negligibly  small.  It  is 
seen,  therefore,  that  no  appreciable  error  will  result  if  the  precau- 
tion is  taken  to  mount  the  variable  sectored  disk  as  close  as  possible 
to  the  plane  of  the  collimator  slit.  This  distance  in  the  case  of 
our  own  instrument  is  only  3  or  4  mm. 

The  (mlv  other  errors  which  might  possibly  enter  are  that  due 
to  back-lash  in  the  motion  of  the  carriage  along  the  screw,  and 
that  due  to  a  possible  lateral  shift  of  the  collimator  slit  with  refer- 
ence to  the  disk  mounting.     It  has  already  been  stated  that  the 
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former  error  is  negligibly  small  in  the  instrument  in  use  in  this 
laboratory.  The  latter  error  is  mentioned,  not  because  it  demands 
any  particular  consideration,  but  rather  because  it  suggests  a 
slight  modification  in  the  construction  of  the  Lummer-Brodhun 
spectro-photometer.  In  our  instrument  of  this  type,  made  by 
Franz  Schmidt  &  Haensch,  the  collimator  farther  from  the  tele- 
scope is  rigidly  mounted  on  the  base,  but  the  nearer  collimator  is 
adjustable,  though  without  scale  for  measuring  the  angular  dis- 
placements. This  flexibility  is  provided  presumably  to  permit 
bringing  the  two  spectra  in  exact  juxtaposition.  It  is  useful,  how- 
ever, in  measuring  the  luminosity-curve  of  a  source,  though  its 
value  in  this  regard  would  be  greatly  enhanced  if  the  position  of 
the  movable  collimator  could  be  read  off  a  scale. 

Another  decided  improvement  would  result  if  the  present 
stationary  and  movable  collimators  were  interchanged.  It  is 
necessary  to  have  the  variable  sector  mounted  before  the  collimator 
nearer  the  telescope,  but  it  would  be  much  better  if  this  collimator 
were  rigidly  attached  to  the  base  of  the  instrument,  and  the  other 
collimator  were  adjustable  with  an  attached  index  and  divided 
circle  to  give  its  position.  It  would  then  be  much  easier  to  deter- 
mine a  luminosity-curve  using  the  variable  sectored  disk  in  making 
the  settings. 

E.  ADVANTAGES  OF  NEW  TYPE  OF  DISK 

The  various  features  of  this  new  type  of  disk  which  should  be 
emphasized  as  distinct  advantages  over  one  or  another  of  the 
rotating  sectored  disks  at  present  available,  or  as  valuable  charac- 
teristics of  all  satisfactory  variable  sectors,  may  be  briefly  sum- 
marized as  follows: 

1.  No  selectivity  in  the  transmission. 

2.  A  range  of  transmission  from  above  85  per  cent  to  almost 
o  per  cent.  The  maximum  transmission  obtained  in  any  other 
variable  sector  within  the  author's  knowledge  does  not  exceed  50 
per  cent. 

3.  Continuous  and  easy  adjustment  over  the  entire  range  of 
transmission. 

4.  Applicability   in   infra-red  spectrometry.     The  absence  of 
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glass  which  absorbs  strongly  in  the  deep  infra-red  makes  this  disk 
peculiarly  suitable  for  measurements  of  this  kind. 

5.  A  nearly  uniform  relative  transmission  gradient  so  that  a 
given  angular  displacement  of  the  screw-head  operating  the  disk 
produces  approximately  the  same  percentage  change  in  transmis- 
sion throughout  the  entire  range,  except  for  slight  variations  at 
very  small  transmissions. 

6.  Because  of  the  properties  stated  in  the  preceding  paragraph 
the  disk  is  particularly  adapted  to  spectro-photometric  measure- 
ments to  which  the  correction  for  impurity  of  spectrum  is  to  be 
applied. 

In  conclusion  the  author  desires  to  express  his  indebtedness  to 
various  members  of  this  laboratory  for  valuable  services  rendered 
in  connection  with  the  investigation.  He  is  particularly  indebted 
to  Dr.  C.  F.  Lorenz  and  Mr.  F.  E.  Cady  for  much  assistance  in  the 
calibration  of  the  variable  sectored  disk,  and  to  Dr.  A.  G.  Worthing 
for  most  of  the  observations  and  computations  in  connection  with 
the  slit-width  corrections. 
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PRESSURE-SHIFT  OF  SPECTRAL  LINES 

By  \V.  J.  HUMPHREYS 

An  interesting  paper  by  Sanford'  has  recently  appeared  with  the 
above  title.  It  is  particularly  interesting  and  valuable  because  of 
the  relations  he  linds  to  exist  between  certain  properties  of  the 
alkali  elements  and  the  shifts  of  their  spectral  lines — relations 
from  which  he  concludes:  "Taken  all  together,  there  accordingly 
seems  to  be  a  considerable  amount  of  evidence  to  show  that  the 
pressure-shift  of  spectral  lines  is  related  to  just  those  properties 
of  the  atom  which  seem  to  depend  upon  the  specific  inductive 
capacity." 

It  was  long  ago  pointed  out  by  the  author'  that:  "The  shift  of 
similar  hues  is  a  periodic  function  of  atomic  weight,  and  conse- 
quently may  be  compared  with  any  other  property  of  the  elements 
which  itself  is  a  periodic  function  of  their  atomic  weights."  If 
this  statement  is  really  true,  and  observations  seem  still  to  support 
it,  it  follows  that  the  pressure-shift  is  related  to  many,  possibly  all, 
other  properties  of  the  atoms.  It  is  related,  not  only  to  just 
(precisely)  "those  proj^crties  of  the  atom  which  seem  to  dejiend 
upon  the  specific  inductive  capacity,"  but  also  and  equally  well  to 
just  (precisely)  all  other  properties  of  the  atom  which,  like  the 
above,  are  periodic  functions  of  the  atomic  weight.  There  is 
therefore  no  surprise  in  the  relations  referred  to;  in  fact  three  of  the 
six  given  were  mentioned  in  the  paper  cited  above,  but  it  is  impor- 
tant to  know  as  many  relations  as  possible  and  exactly  what  they 
are.  Nevertheless,  in  spite  of  iheir  importance,  it  is  probable 
that  all  such  relations  are  (juite  too  general  to  show  definitely 
what  it  is  that  produces  the  pressure-shift  of  spectral  lines.  Some 
other  test  must  be  found. 

'I'he  theory  that  assumes  the  pressure-change  in  wave-length  to 
depend  ujjon  change  in  the  si)eciric  inductive  capacity  is  caj)al)le 
of  further  development  and  possibl\-  of  a  (iiuial  test.      Hut  there 

'  Aslropliysical  Journal,  35,  1,  igi  2. 
'Ibid.,  6,  226,  1897. 
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is  at  least  one  serious  objection  that  clings  to  every  form  in  which 
this  theor\'  has  been  j)resente(l:  it  does  not  account  for  any  spread- 
ing^ of  the  line  toward  the  side  of  shorter  wave-lengths. 

Sanford  recognizes  this  ditViculty,  but  attempts  to  obviate  it 
on  the  assumption  that  air  molecules  weaken  the  lields  of  metallic 
molecules.  "If  this  point  of  view  is  correct,"  he  says,  "it  would 
seem  that  the  greatest  shift  toward  the  red  should  be  due  to  those 
atoms  in  the  center  of  the  arc,  while  the  greatest  shift  toward  the 
violet  should  be  due  to  atoms  around  the  outer  surface." 

But  many  lines  give  narrow  well-defined  reversals  (due  to 
absorption  of  light  from  the  center  of  the  arc  by  material  in  the 
outer  layers)  strongly  shifted  toward  the  red.  with  the  rest  of  the 
line  quite  symmetrically  spread  to  either  side  of  the  reversal. 
Maximum  emission  from  the  center  of  the  arc  and  ma.ximum 
absorption  by  the  material  surrounding  it  seem  to  coincide  in  the 
case  of  symmetrical  lines,  whatever  the  pressure.  Fine  non- 
reversed  lines  of  this  type,  due  to  traces  of  the  substance  in  the  arc, 
appear  always,  under  the  same  pressure,  to  have  the  same  wave- 
length as  their  reversals,  though  the  one  must  be  due  essentially  to 
conditions  \nthin  the  arc  and  the  other  to  conditions  in  the  region 
immediately  surrounding  it;  nor  does  this  relation  of  fine  lines  to 
their  reversals,  or  even  the  total  shift  greatly,  if  at  all.  depend  upon 
the  material  of  the  electrodes.  Hence  it  appears  that  the  sug- 
gested way  out  of  the  difficulty  is  not  sufficient. 

At  one  place  in  his  article  Sanford  says:  "All  three  of  the  above- 
mentioned  theories  [the  forced  vibration  theory,  the  specific 
induction  theory,  and  the  induction  or  magnetic  theory]  make  the 
change  in  the  period  of  the  vibrating  mechanism  depend  upon  the 
proximity  of  atoms  of  its  own  kind,  since  the  greater  the  atmospheric 
pressure  around  the  arc  the  denser  must  be  the  metallic  vapor  in  the 
interior  of  the  arc." 

This  statement  is  true  enough  when  the  correct  interpretation 
is  put  upon  the  expression  "its  own  kind."  It  is  not  true,  seem- 
ingly, that  the  displacements  of  iron  lines  or  copper  lines,  for  example, 
are  dependent  upon  the  density  of  iron  or  of  copper  vapor  respec- 
tively, since  lines  due  to  impurities  in  the  arc,  as  already  explained, 
are  displaced  equally  with  the  same  lines  under  the  same  pressure, 
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whatever  the  quantity  of  material  present.  "Same  kind."  there- 
fore, should  be  understood  as  meaning  same  in  only  a  very  broad 
sense.  According  to  the  magnetic  theory  it  means  only  that  the 
atoms  have  individual  magnetic  fields,  and  it  has  nothing  to  do 
with  what  particular  element  or  elements  they  consist  of. 

Sanford  holds  that  the  magnetic  theory  of  the  pressure-shift 
may  be  tested  by  its  relation  to  the  magnetic  properties  of  the 
elements,  which  properties  he  says  are  already  known.  On  apply- 
ing this  test  he  naturally  finds  the  theory  to  fail,  since  the  pressure- 
shifts  of  the  lines  due  to  such  strongly  magnetic  substances  as  iron, 
nickel,  and  cobalt  are  less  than  the  shifts  of  lines  due  to  many  of  the 
non-magnetic  elements. 

The  author  admits  of  course  all  these  facts,  but  he  holds  that 
they  are  not  conclusive,  nor  even  applicable.  It  is  not  the  mag- 
netic properties  of  cold  masses  of  the  pure  elements  that  are  here 
needed — presumably  the  ones  Sanford  had  in  mind — but  the  mag- 
netic properties  of  their  atoms  when  luminous. 

Xow  the  Zecman  eft'ect  shows  that  the  luminous  atoms  of  every 
element  so  far  examined  have  magnetic  fields  of  their  own.  How 
else  could  they  be  acted  upon  by  an  outside  magnetic  field  ?  But 
it  does  not  show  that  the  iron  atom,  for  instance,  has  any  stronger 
magnetic  field  of  its  own  than  has  a  copper  atom,  and  hence  we 
cannot  infer,  on  the  magnetic  theory,  that  it  would  be  any  more 
effective  than  the  copper  atom  in  producing  ])rcssure-shifts  of 
spectral  lines. 

Another  objection  urged  against  the  magnetic  theory  is  the 
improbability  of  the  powerful  magnetic  field  it  demands  for  the 
interior  of  the  luminous  particle.  Frankly,  this  at  first  does  seem 
staggering,  but  to  some  of  us  perhaps  not  one  whit  more  so  than 
does  the  enormous  store  of  energy  experiment  demonstrates  is 
locked  up  within  the  atoms  of  many  elements-  probably  within 
the  atoms  of  all  elements.  Nor  is  it  any  more  staggering  than  the 
fact  that  a  single  atom  of  iron  can  give  out  thousands  of  independent 
vibrations  at  the  same  time;  nor  half  so  staggering  as  the  further 
fact  that  it  would  take  one  hundred  million  people  something  like 
three  hundred  years  to  count  the  number  of  comj^Iete  vibrations 
produced  b\'  an  atom  of  iron  in  a  single  second  of  time.     And  e\'en 
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this  probably  is  far  loo  sniall  an  estimate,  for  it  leaves  out  of  account 
the  numerous  satellites  and  other  complexities  of  the  in(li\iclual 
lines;    nor  is  the  iron  atom  by  any  means  the  busiest  atom  known! 

It  is  also  interesting  to  know  that  the  strength  of  the  magnetic 
fields  of  the  luminous  atoms  required  to  account  for  pressure-shift 
is  of  the  same  order  of  magnitude  as  that  demanded  for  them  by  the 
theory  of  Ritz.'  which,  though  of  subsequent  date,  was  developed 
from  a  ditTerent  standpoint — a  theory  that  explains  many  phe- 
nomena, and.  in  its  general  form,  has  received  numerous  adherents. 

It  is  true  that  in  details  there  is  not  a  one-to-one  connection 
between  pressure-shift  and  the  Zeeman  effect;  but  in  the  general 
phenomena  there  is  a  close  relation  between  them.  Line  spectra 
show  both  effects;  band  spectra,  with  })ut  few  known  exceptions, 
show  neither;  both  increase,  in  general,  with  increase  of  wave- 
length; both  dilTer  in  magnitude  with  ditTerent  elements,  and  also 
with  different  Unes  of  the  same  element. 

The  Saturnian  atom  accounts  for  the  general  phenomena  of  the 
Zeeman  effect,  and  it  accounts  too  for  the  general  phenomena  of 
pressure-shift,  nor  does  it  demand  that  in  every  particular  there 
shall  be  a  one-to-one  relation  between  the  two  phenomena.  Atoms 
with  weak  fields,  for  instance,  should  show  large  magnetic  separa- 
tion, but  not  a  correspondingly  large  pressure  displacement  due 
to  their  mutual  interaction.  But  the  complexity  of  the  Zeeman 
phenomena  is  not  }et  fully  accounted  for  by  any  theory;  the 
structure  and  motions  of  the  atom  are  not  known.  This  much 
however  seems  certain: 

a)  The  luminous  particle,  being  acted  upon  by  an  outside 
magnetic  field,  has  a  magnetic  field  of  its  own. 

b)  Since  the  luminous  particle  is  affected  by  an  outside  magnetic 
field  it  must  also  be  affected  by  the  magnetic  fields  of  its  neighbors. 

On  the  whole  the  mutually  attracting  faces  of  such  particles 
obviously  will  be  closer  together  and  produce  a  greater  effect  than 
the  mutually  repelUng  faces,  and  therefore,  while  the  Unes  will  be 
spread  in  both  directions,  their  maximum  intensities  will  be  shifted 
toward  the  red  tc;  an  extent  that  must  increase  with  increase  of 
pressure. 

'  .\.  Cotton,  Le  Radium.  %.  451,  iqii. 
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But  is  this  magnetic  effect,  which  seems  to  be  in  the  right 
direction  and  almost  inevitable,  of  sufficient  magnitude  ?  The 
smallness  of  the  Zeeman  separation  seems  to  indicate  that  it  is, 
though  there  are  many  details,  both  experimental  and  theoretical, 
yet  to  be  filled  in  before  the  magnetic  or  any  other  theory  of  the 
pressure  displacement  of  the  spectral  lines  can  be  fully  tested. 

In  the  meantime  the  author  is  extremely  gratified  to  know  that 
his  tentative  theory,  which  he  is  ready  to  modify  or  discard  as  the 
facts  may  direct,  is  fulfilling  the  true  function  of  a  theory:  stimulat- 
ing investigation  and  thereby  helping  to  increase  our  store  of 
knowledge. 

U.S.  Weather  Bure.au 

Washington',  D.C. 

March  191 2 


ON  ''EARTH  LIGHT,"  OR  THE  BRIGHTNESS,  EXCLUSIVE 
OF  STAR  LI(;HT.  OF  THE  MIDNIGHT  SKY 

Hv  \V.  J.  HU.MrilRKVS 

An  attempt  was  made  a  few  years  ago  1)\'  Professor  Newcomb' 
to  determine  the  total  li<jht  of  all  the  stars.  The  results  were  far 
from  being  in  accord  with  expectations,  especially  in  respect  to  the 
relative  brightness  of  the  galactic  and  non-galactic  j)ortions  of  the 
sky. 

A  j)rovisional  explanation  of  the  difficulty  was  made  by  referring 
the  total  light  to  two  sources:  direct  star  light,  and  indirect  or 
atmospherically  diffused  star  light;  but  this  did  not  prove  to  be  a 
sufficient  explanation-  it  did  not  fully  account  for  the  observed 
phenomena.  ''On  the  whole,"  Newcomb  says,  "it  seems  either 
that  my  observations  are  wholly  at  fault — erroneous  by  an  amount 
which  I  should  find  it  difficult  to  account  for — or  we  must  materially 
modify  our  conclusions  from  the  combination  of  star  gauges  with 
the  existing  photometric  estimates  of  star  fight." 

More  recently  this  whole  subject  has  been  investigated  most 
carefully  by  Yntema,^  who  reaches  the  following  conclusions: 

1.  "The  light  of  the  sky  at  night  is  composed  of  two  parts,  one 
reaching  us  directl\'  from  the  stars,  the  other  resulting  from  pro- 
cesses in  the  atmosphere." 

2.  "The  latter,  termed  'earth  light,'  is  only  partly  due  to  the 
diffused  star  light.  It  seems  probable  that  the  rest,  wholly  or 
in  part,  is  due  to  a  permanent  aurora." 

Yntema  also  finds  that: 

a)  "The  general  brightness  of  the  sky,  being  measured  by  the 
relative  brightness  of  the  North  Pole,  is  variable  during  the  same 
night." 

b)  "It  is  varying  from  night  to  night." 

c)  "The  observed  brightness  increases  towartl  the  horizon." 

'  Aslrophysical  Journal.  14,  297,  1901. 

^  On  the  Brightness  of  the  Sky  mid  the  Total  Amount  of  Starlight.  Groningen: 
Gebrocders  Hoilscma,  1909. 

^7.S 
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Yntema's  observations  were  made  at  Borger,  Holland.  August 
1907 — ]May  1908. 

Still  more  recently,  in  August  1910.  Abbot,'  using  an  instrument 
similar  to  one  of  those  used  by  Yntema — a  Kapteyn  sky  photome- 
ter— made  measurements,  from  the  top  of  Mount  Whitney.  Cal., 
on  two  successive  nights  of  the  relative  brightness  of  the  night  sky; 
and  also  of  the  total  light  per  square  degree  in  terms  of  a  first- 
magnitude  star. 

The  results  obtained  by  Abbot  on  Mount  Whitney  at  an  eleva- 
tion of  4420  meters  agree  in  general  with  those  of  Yntema.  which 
were  obtained  practically  at  sea  level.  They  are,  however,  smaller 
in  the  ratio  of  7  to  10,  approximately. 

The  phenomenon  of  "earth  light"  seems  therefore  to  be  a  thing 
of  the  high  atmosphere,  and  to  be  a  very  general  occurrence  both 
as  to  time  and  place.  Its  variability  and  its  increase  with  zenith 
distance  seem  to  preclude  attributing  it  wholly  to  any  celestial  or 
combination  of  celestial  sources,  such  as  diffused  star  light,  reflec- 
tion and  scattering  of  sun  light  by  meteoric  particles  and  dust,  or 
anything  in  the  nature  of  the  zodiacal  light  or  the  Gegenschein. 
On  the  other  hand.  Yntema's  suggestion  that  it  may  be  due  wholly 
or  in  part  to  a  permanent  aurora — whatever  the  cause  of  this  in 
turn — appears  very  plausible,  and  especially  so  since  the  green 
"auroral  Hne,"  /  5770.  may  be  seen  on  almost  any  dark  clear  night 
in  any  part  of  the  sky.-'  That  it  is  a  phenomenon  essentially  of  the 
up[)er  atmosphere,  auroral  or  what  not,  seems  probable. 

If  it  is  wholly  of  auroral  origin  it  would  aj)pcar  that  it  should, 
in  general,  be  brightest  in  those  regions  where  ordinary  auroras 
are  brightest,  and  faintest  in  equatorial  regions.  This  question, 
however,  is  not  defmitely  answerable  from  the  published  data. 

Apart  from  the  permanent  aurora  there  is  one  other  source  of 
light-  perhaj)s  to  some  extent  of  the  permanent  aurora  itself — 
the  possible  effect  of  which  it  is  the  specific  j)urpose  of  this  paper 
to  consider. 

The  .source  in  question  is  the  continual  bombardment  of  the 
outer  atmosphere  by  material  of  meteoric  origin;    including  under 

'  Annual  Rrporl  Smithsonian  Institution,  iQii,  ]>.  f)4. 
'  \\ .  \V.  Camijbell,  Astrophysical  Journal,  2,  162,  i8y5. 
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this  term  all  particles  picked  up  by  the  earth  in  its  orbital  motion, 
whether  of  cosmical.  solar,  or  any  other  origin.  So  far  as  this  pro- 
duces light  at  all  it  will  be  through  a  considerable  depth  of  the  outer 
rare  atmosphere,  and  hence,  in  general,  must  appear  somewhat 
brighter  with  increase  of  zenith  distance.  It  should  also  be  nearly 
indeix-ndent  of  any  attainable  altitude,  and  therefore,  in  both 
particulars,' is  in  accortl  with  ol)servations. 

For  simplicit}-  of  numerical  calculations  it  will  be  assumed  that 
the  "earth  light"  is  of  both  constant  and  uniform  intensity — the 
same  over  all  parts  of  the  sky,  invariable,  and  continuous.  Obvi- 
ously these  conditions  could  be  met,  so  far  as  intensity  of  light 
reaching  an  observer  at  the  surface  of  the  earth  is  concerned,  by 
a  properly  illuminated  white-mat  screen  concentric  with  and  some 
distance  above  the  surface  of  the  earth. 

Further,  the  total  amount  of  light  given  off  by  a  self-luminous 
layer  of  the  atmosphere,  since  it  must  radiate  equally  both  outward 
and  inward,  would  be  twice  that  diffusely  reflected  by  an  equally 
bright  white-mat  surface  of  the  same  area.  Now  the  amount  of 
"earth  light"  per  square  degree  is  found  by  ^'ntema  to  average, 
roughly,  one-tenth  the  light  from  a  star  of  the  first  magnitude. 

This  furnishes  a  means  of  also  comparing  the  brightness  of 
"earth  light"  with  that  of  the  moon,  as  follows.  When  full  the 
moon  is  equal  to  a  star  of  —11.77  magnitude,  or  the  equivalent  of 
120,000  stars  of  the  first  magnitude,  and  covers  about  0.2  of  a 
square  degree.  Hence  the  full  moon  is  6X  lo''  times  brighter  than 
the  sky  would  be  if  illuminated  by  "earth  light"  alone. 

It  is  now  possible,  and  also  essential  to  certain  energy-  calcula- 
tions to  follow,  to  measure  the  brightness  of  "earth  Hght"  in  terms 
of  meter  candles.  The  brightness  of  the  full  moon  is  the  same  as 
that  of  a  white-mat  surface  illuminated  by  a  1200  candle-power 
light  at  one  meter's  distance,'  or,  in  symbols: 

Brightness  of  full  moon=  1200  m.c.  (meter  candles). 
Therefore 

Brightness  of  "earth  light"=  2X10"-'  m.c. 

Now  the  average  velocity  of  meteoric  matter,  as  it  enters  the 
atmosphere,  seems  to  be  about  the  "paraboHc  velocity"  due  to  the 

'  Circular  of  the  Bureau  of  Standards,  No.  28,  p.  7,  191 1. 
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sun's  attraction  at  the  earth's  distance,  or  roughly  42  kilometers  per 
second.  Also  the  number  of  such  particles  appears  rapidly  to 
increase  with  decrease  of  size,  and  presumably  the  number  of  those 
that  are  far  too  small  to  produce  visible  streaks  is  vastly  greater 
than  the  number  of  all  combined  that  are  large  enough  to  be  indi- 
vidually seen. 

Further,  an\-  object,  however  small,  entering  the  atmosphere 
with  so  great  a  velocity  is  in  the  condition  of  being  acted  upon  by 
a  flame  of  very  great  temperature — a  temperature  quite  inde- 
pendent of  the  density  of  the  atmosphere,  assuming  it  of  constant 
composition.  Even  if  the  atmosphere  were  all  hydrogen,  the 
entrance  of  an  object  into  it  with  the  velocity  of  42  kilometers  per 
second  would  produce  the  same  effect  as  submitting  it  to  equally 
dense  hydrogen  at  the  temperature  (computed)  of  142,000°  C. 
If  the  atmosphere  were  oxygen  the  computed  temperature  would 
be  2,266,000°  C.  In  either  case  both  the  velocity  and  resulting 
temperature  (computed)  are  far  beyond  anything  of  the  kind  dealt 
with  in  the  laboratory,  except  in  the  case  of  electrons,  a  particles 
and  the  like;  and  quite  sufficient,  as  both  theory'  and  experiment^ 
indicate,  to  produce  abundant  ionization. 

This  then  may  be,  at  least  in  part,  the  source  of  the  so-called 
permanent  aurora — the  origin  of  the  necessary  ionization,  assum- 
ing the  green  auroral  line  to  be  due  to  electrical  discharges. 

It  is  well  known  that  the  amount  of  light  that  a  solid  body  gives 
off  increases  very  rapidly  with  increase  of  temperature.  Hence 
meteors  may  be  intrinsically  brighter  than  any  knt)vvn  artificial 
source.  At  any  rate  they  have  the  general  appearance  of  stars  in 
rapid  motion  as  their  popular  name,  "shooting  stars,"  indicates. 
It  will  therefore  be  assumed  that  Uie  distribution  of  the  total  energy 
between  heat  and  light  is  the  same  for  meteors  as  it  is  for  the  sun. 
But  the  solar  constant  is  about  i  .92  calories  per  square  centimeter 
per  minute,  and  this  gives,  on  the  surface  of  the  earth,  when  the 
sun  is  overhead,  an  illumination  of  lo^  m.c' 

'  I',  (i.  .\utliiin,  Astrophysifiil  Jonnuil,  21,  400,  11)05. 

'  .\.  VVchnclt,  I'hys.  Zrilschr.,  9,  134,  igo8;  O.  \\  .  Kii  iKinlsoii,  /'/;//.  Trons., 
A,  201,  497,  1903;   and  others. 

*  Circular  of  tin-  Hiirdiii  of  Shiiidnrds,  Xo.  28,  p.  7,  kji  i. 
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As  seen  al)()\t'.  the  bri<ilUiK'ss  of  '"earth  lij^ht "  is  2X  io~^  ni.c. 
and  therefore  normal  zenith  sunshine  is  5X  lo**  times  brighter  than 
"earth  light."  and  delivers  25X  10"  times  as  much  energy  per  square 
centimeter  as  is  given  out  from  both  sides  combined  per  square 
centimeter  of  the  effective  self-luminous  shell  or  surface  to  which 
the  "earth  light"  is  due. 

Hence  the  total  energy  used,  according  to  the  above  assumptions 
in  producing  the  "earth  light"  is 

47r/?^X  — -  J        calorics  per  minute. 
25X10^ 

in  which  R  is  the  radius  of  the  earth  in  centimeters,  or 

27X10'^  ergs  per  second,  roughh-. 

Assuming  this  energy  to  be  furnished  by  M  grams  of  matter 

moWng  with.the  velocity  of  42  kilometers  per  second  we  have. 

iUT'^=  27X10-5 
or 

M=   3X10^,  roughly. 

While  this  is  nearly  300  times  the  estimated  amount  of  material  in 
\-isible  meteors,  it  is  less  than  three  times  the  amount  Young'  assumes 
as  allowable,  and,  so  far  as  there  is  any  present  means  of  knowing, 
may  be  even  less  than  the  actual  amount  of  meteoric  dust  caught 
up  per  second  by  the  earth's  atmosphere.  Indeed  it  is  relatively 
so  small  that  it  would  take  something  like  two  hundred  million 
years  for  it  to  increase  the  radius  of  the  earth  a  single  centimeter! 
But.  as  stated  above,  probably  a  good  deal  of  ionization  is 
produced  by  the  swiftly  moving  meteoric  dust.  If  such  ionization 
is  produced  it  follows  that  the  radiations  thus  excited,  like  those 
due  to  ordinary  electric  discharges  in  gases,  may  be  largely  con- 
centrated in  the  visible  region  of  the  spectrum.  Hence  the  above 
calculated  amount  of  meteoric  matter.  3  kilograms  per  second, 
may  be  more  than  is  actually  necessary  to  generate  by  the  two 
processes  combined,  high  temperature  and  electrical  discharges,  the 
observed  amount  of  ''earth  light."  In  this  connection  it  should 
be  remembered  that  Vntema's  values  are  distinctly  larger  than 
those  obtained  by  most  others^  who  have  worked  on  this  subject, 

'  General  Astronomy,  p.  475. 

'  C.  Fabn.%  Astrophyskal  Journal.  31.  394,  iqio. 
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and  that  therefore  the  computed  amount  of  energy  and  meteoric 
material  may  be  excessive,  or,  at  least,  much  above  the  average. 
If  "earth  light"  is  wholly  due,  directly  or  indirectly,  or  even 
measurably  due  to  the  bombardment  of  the  upper  atmosphere  by 
meteoric  dust,  then  it  should  be  brighter,  presumably,  during  the 
later  hours  of  the  night,  when  the  sky  overhead  is  more  nearly  on 
the  forward  side  of  the  earth  in  its  orbital  motion.  Unfortunately, 
however,  the  data  at  hand  are  not  sufficient  for  the  application  of 
this  check  to  the  above  theory  as  to  the  origin  of  "earth  light.'' 
Many  more  observations  are  needed  for  the  complete  understand- 
ing of  this  faint,  but  apparently  continuous,  light;  and  the  above 
roughly  quantitative  examination  of  one  probable  source  of  at 
least  some  of  the  light  is  offered  in  the  hope  that  it  may  help  to 
narrow  the  problem,  and  even  indicate  one  or  two  special  points 
to  be  examined. 

CONCLUSION 

Numerical  calculations  indicate  that  it  is  within  the  bounds  of 
reason  to  assume  "earth  light''  somehow  due  to  bombardment 
of  the  outer  atmosphere  by  fine  meteoric  material. 

U.S.  Weather  Bureau 

Washington,  D.C. 

March  191 2 


ox  A  rossiHLi-:  orUiLX  of  the  spectrlm   lines 

NEAR  THE  POLES  OF  A  METALLIC  ARC 

lU    K.   ROSSI 

It  has  been  noted  by  several  observers'  that  spark  lines  which 
appear  in  arc  spectra  between  metalHc  electrodes  are  often  stronger 
near  the  tips  of  the  poles  than  near  the  middle;  and  the  term 
'■polar  lines"  was  introduced  by  Duflield  to  distinguish  them  from 
the  Hnes  which  appear  at  the  center  of  either  arc  or  spark  and 
which  he  denoted  by  "median  lines." 

Like  all  spark  lines  in  arcs,  the  polar  lines  are  stronger  and  more 
numerous  in  the  ultra-violet  regions  of  the  spectrum;  and  are 
usually  sharp,  while  the  median  lines  are  often  nebulous.  As  to 
their  intensity  at  the  two  tips  of  the  electrodes,  the  observations  so 
far  obtained  are  discordant.  Fowler,  working  with  an  iron  arc  in 
the  green  region,  found  them  stronger  near  the  positive  pole  than 
near  the  negative;  Dufheld,  in  an  iron  arc  in  the  ultra-violet,  got 
them  of  equal  intensity  at  the  two  tips,  while  Barnes,  experimenting 
on  a  magnesium  line,  found  it  stronger  near  the  cathode. 

Several  explanations  have  been  ofiFered  by  various  authors  to 
account  for  the  origin  of  polar  lines.  Duf^eld  in  summarizing  them 
shows  that  temperature  as  the  cause  for  their  production  can  be 
rejected;  further,  that  although  pressure  and  density  may  take 
some  part  in  the  phenomenon  they  can  but  doubtfully  account  for 
it.  There  are  only  the  electrical  conditions  of  the  arc  in  its  various 
parts  left  to  be  considered  as  a  possible  cause  for  the  production  of 
such  lines. 

The  most  striking  features  of  the  distribution  of  electricity  in 
an  electric  arc  are  the  very  steep  potential  gradients  near  the  poles 
and  the  very  slight  fall  of  potential  along  its  central  part.  In  a 
carbon  arc  there  is  a  large  potential  fall  near  the  anode  (about  t,^ 
volts),  a  smaller  one  near  the  cathode  (about  q  volts),  and  a  gentle 
potential  gradient  along  its  center. 

'J.  Barnes,  Aslrophysical  Journal,  21,  74,  1Q05;  A.  Fowler,  Monthly  Xotices 
R.A.S..  67,  154.  1907;  W.  G.  Dufi'ield,  Aslrophysical  Journal,  27,  260,  190S;  P.  G. 
Nutting,  ibid.,  28,  b6,  1908. 
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The  rapid  potential  drops  near  the  poles  extend  over  a  very 
short  distance,  amounting  to  a  small  fraction  of  the  length  of  the 
arc,  so  that,  although  the  potential  gradient  of  an  electric  arc  is 
often  spoken  of  as  about  80  volts  per  centimeter,  in  some  parts  of 
the  arc  it  may  be  of  the  order  of  as  much  as  1000  volts  per 
centimeter,  i.e..  almost  comparable  with  that  of  a  spark.  It  is 
known'  that  when  the  current  is  increased  in  a  carbon  arc  a  decrease 
of  the  potential  difference  between  the  poles  takes  place.  For  high 
currents,  however,  and  small  arcs  this  decrease  is  more  prominent 
at  the  negative  pole  than  at  the  positive,  the  potential  gradient  in 
the  center  remaining  practically  unaffected.  Hence  if  the  polar 
lines  were  due  to  potential  gradients  and  if  a  metallic  arc  behaves 
like  a  carbon  one.  by  taking  photographs  of  ultra-violet  spectra 
first  with  small  currents  and  then  with  large  currents,  a  sUght 
enhancement  of  the  polar  Hnes  near  the  positive  pole  relative  to  the 
negative  ought  to  be  noticed  in  the  second  case. 

Photographs  of  an  iron  arc  fed  by  currents  varying  from  2.5  to 
18  amperes  were  taken  in  the  first  order  of  a  2i|-foot  concave 
grating,  the  astigmatism  in  that  region  being  not  very  trouble- 
some. These  first  photographs  proved  encouraging,  the  ends  of 
the  polar  lines  near  the  positive  pole  being  usually  stronger  than 
the  ends  near  the  negative  at  high  currents,  while  they  were 
practically  always  of  equal  intensity  for  small  currents.  The  effect 
was  not  quite  so  marked  when  the  positive  pole  was  below,  some 
convection  currents  probably  taking  place  in  the  arc.  (Something 
similar  has  been  noted  by  Huff^  in  a  carbon  arc.)  In  the  case  of 
the  metallic  arcs  of  iron,  nickel,  and.  copper  it  was  subsequently 
found  that  when  the  positive  pole  is  below,  the  arc  is  less  steady,  less 
luminous,  and  uses  slightly  less  current  than  when  the  positive 
terminal  is  above.  It  will  be  shown  later  that  when  some  electrical 
investigations  were  made  on  these  arcs,  some  changes  also  took 
place  in  the  electrical  distribution  according  as  the  positive  pole 
was  above  or  below. 

For  the  sake  of  getting  rid  of  the  astigmatism  completely,  the 
taking  of  the  grating  photographs  was  discontinued  and  a  Fuess 

'  Mrs.  .Kyrlon.  TJir  lilrrlric  Arc,  chai).  vii. 
'  Ailrophysical  Journal,  28,  59,  1908. 
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quartz  spectrograph  used  instead.  A  large  number  of  photographs 
were  taken  with  an  iron  arc.  with  the  positive  pole  above  and  below, 
for  arcs  of  different  lengths  (2.5  to  7  mm)  and  difTerent  currents  (2 
to  18  amperes).  The  exposure  was  always  begun  after  the  arc  had 
been  started.  For  the  majority  of  cases  especially  at  high  currents 
the  lines  were  stronger  near  the  positive  pole.  The  strong  portion 
began  at  the  tip  of  the  line,  extended  over  a  short  length,  and  then 
the  intensity  decreased  abruptly.  It  was  subsequently  found  that 
this  strong  part  of  the  line  was  due  to  the  end  of  the  red-hot  globule 
or  drop  of  molten  iron  oxide  (according  as  the  positive  pole  is  below 
or  above)  from  which  the  arc  starts  at  the  positive  terminal.  By 
screening  the  slit  from  the  image  of  the  arc  and  projecting  on  it  the 
molten  globule  only,  it  was  found  that  the  spectrum  yielded  was  a 
faint  continuous  one.  but  superimposed  on  it  was  a  strong  iron 
spectrum.  (This  probably  accounts  for  the  lines  being  stronger 
near  the  positive  pole  in  the  grating  photographs,  the  astigmatism 
masking  the  cause  of  the  phenomenon.)  On  this  account  a  very 
large  number  of  photographs  had  to  be  discarded  and  observations 
taken  only  on  the  few  which  had  not  been  contaminated  by  this 
globule  spectrum.  Nickel  also  showed  in  a  few  cases  the  same  effect 
but  never  to  such  a  degree  as  iron,  while  the  copper  photographs 
were  only  very  rarely  affected  by  it. 

The  copper  photographs  were  rather  interesting  (Plate  XIV) 
inasmuch  as  some  lines  appeared  only  near  the  negative  electrode, 
and  it  was  only  when  the  positive  pole  was  below  and  very  high 
currents  were  used  that  they  faintly  appeared  at  the  positive 
electrode.  They  are  essentially  spark  lines  and  do  not  appear  in 
Kayser  and  Runge's  or  Exner  and  Haschek's  wave-length  tables 
for  arc  spectra;  their  relative  intensities  in  the  arc  are  practically 
identical  with  those  in  the  spark.  The  following  is  a  list  of  the 
most  prominent  ones,  the  wave-lengths  of  which  were  taken  from 
the  latter  authors'  tables  for  spark  spectra. 


2376.4.3 

2526.79 

2666.52 

2403  51 

252950 

26S9.56 

2424.62 

2545  02 

2701.21 

2473-55 

2590  75 

2703  42 

2485.99 

2599  03 

271376 

2506.51 

2600 . 49 
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Altogether  7,2  good  photographs  were  taken  for  iron,  14  for 
nickel,  and  24  for  copper,  for  currents  varying  from  2  to  18  amperes. 
It  was  found  that  the  polar  lines  were  usually  equally  intense  at 
the  two  electrodes,  but  that  on  some  plates  differences  could  be 
noted  between  their  intensity  at  the  two  poles. 

On  summarizing  the  results,  however,  no  certain  connection 
could  be  established  between  their  relative  intensity  and  current- 
strength.  It  was  also  noted  whether  the  width  as  well  as  the 
intensity  of  the  hnes  near  the  poles  varied  with  the  current,  as  a 
change  of  potential  gradient  might  alter  the  velocity  of  the  luminous 
particle  and  thus  attect  any  possible  line-of-sight  motion.  It  was 
found,  however,  that  as  a  rule  the  lines  were  wider  at  the  end  where 
they  were  stronger,  and  this  was  probably  due  to  mere  photographic 
effect. 

When  some  electrical  measurements  on  the  potential  differences 
near  the  poles  of  metallic  arcs  were  taken  it  was  found  that  these 
discordant  results  might  still  be  in  part  explained  on  the  assumption 
that  the  polar  lines  are  due  to  the  strong  potential  gradients  near 
the  terminals.  In  the  case  of  the  two  metals  tried  (iron  and  copper) , 
the  potential  differences  near  the  two  poles  were  almost  equal  and 
varied  but  little  and  somewhat  irregularly  by  varying  the  current; 
so  that  in  this  respect  these  two  metallic  arcs  differ  greatly  from  a 
carbon  one. 

The  experimental  method  adopted  was  practically  the  same  as 
that  used  by  Mrs.  Ayrttm'  and  other  workers  for  carbon  arcs.  A 
thin  carbon  rod  carried  by  a  special  holder  and  sharpened  to  a  long 
point  was  introduced  in  the  metallic  arc  and  the  potential  differ- 
ence between  it  and  either  pole  measured  with  a  moving  coil 
galvanometer  (290  ohms  resistance)  with  one  megohm  in  series  and 
a  shunt  of  20  ohms,  the  deflection  on  the  scale  being  about  4  mm 
per  volt.  The  iron  and  c()j)per  jioles  were  i .  25  cm  in  (iiameter,  the 
carbon  electrode  4  mm,  but  owing  to  its  sharj)  point  the  portion 
of  it  in  the  arc  was  never  more  than  1.5  mm  in  diameter.  By 
having  the  exploring  carbon  first  as  close  as  possible  to  one  pole, 
then  to  the  other,  and  measuring  the  two  potential  differences  in 
each  ca.se  it  was  ascertained  that  the  jiotential  difference  at  the 

'  The  Electric  Arc,  chaj).  vii. 
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center  of  the  arc  was  of  the  order  of  al)out  2  volts,  the  main  fall 
occurring  near  the  i)oles.  Hence,  in  all  subsequent  experiments, 
the  exploring  carbon  was  fixed  at  the  center  of  the  arc  and  the 
potential  dilTerences  measured  between  it  and  the  two  poles. 
Owing  to  the  unsteadiness  of  the  iron  arc  and  the  tendency  of  the 
poles  to  melt,  the  measurements  were  very  hard  to  take,  especially 
at  high  currents  and  when  the  positive  pole  was  below.  The 
figures  given  below  for  iron  have  therefore  to  be  taken  as  only  very 
approximate.  The  readings  for  copper  were  taken  with  compara- 
tive ease,  the  copper  arc  being  almost  as  steady  as  a  carbon  one, 
and  the  figures  for  copper  ought  to  be  correct  within  10  per  cent  or 
less.  The  following  tables  are  the  summaries  of  the  results  for  the 
two  metals  studied.  The  lengths  and  currents  of  the  arcs  were 
chosen  so  as  to  obtain  more  or  less  the  same  conditions  at  which 
most  of  the  photographs  of  the  spectra  were  taken. 

IROX 


Current 

IN 

Akperes 1 


Length 

IN   UM 


Potential  Defferences 
IN  Volts  .\t 


+  Pole        —  Pole 


COPPER 

Current 

Length 

IN   MM 

Potential  Duferences 
IN  Volts  at 

IN 

Amperes 

+  Pole 

-  Pole 

PosiTTV^  Pole  Above. 

3-5 
6.0 

18.0 

35 
50 
50 

22.9 

24  5 
17,0 

19.2 
24.2 
20.5 

Positive  Pole  Above 


Positive  1 

'OLE  Below 

3 

3  5 

27.6 

21 . 1 

5 

5 

24-7 

17.0 

8 

7 

28.3 

19.7 

IS 

6 

22.9 

17.0 

4 

4 

27.6 

20.6 

4 

6 

23  9 

26.6 

10 

6 

19.9 

19.4 

10 

8.5 

23-5 

21.6 

16 

8.5 

19.4 

19.0 

Positive  Pole  Below 


4 

4 

254 

24.2 

4 

6 

29.0 

275 

10 

6 

24.2 

20.  2 

10 

8.5 

25 -7 

21.4 

16 

8.5 

21.6 

21.6 

Although  these  e.xperiments  do  not  prove  that  the  polar  lines 
are  due  to  steep  potential  gradients,  they  do  not  disprove  that 
hypothesis.  The  practically  equal  intensity  of  the  lines  at  the  two 
poles,  and  the  occasional  slight  irregular  variation  of  intensity  for 
changes  of  current  and  inversion  of  the  polarity  of  the  electrodes, 
are  very  similar  to  the  behavior  of  the  potential  gradients  in  the 
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arc  under  the  same  conditions.  This  view  is  also  in  accord  with 
the  experiments  of  Crew'  and  of  Nutting,^  who  consider  potential 
gradient  as  the  main  cause  for  the  production  of  spark  Hncs  in  arc 
spectra.  The  latter  found  spark  and  polar  lines  very  prominent  in 
arc  spectra  at  4000  volts  and  0.05  amperes. 

The  polar  lines  may  of  course  be  due  to  temperature;  tempera- 
ture and  potential  gradient  in  an  electric  arc  being  probably  linked 
as  they  are  in  vacuum  tube  phenomena,  numerous  researches^  in 
that  direction  having  shown  that  they  practically  vary  at  the  same 
rate.  A  point  in  favor  of  this  view  seems  to  be  the  fact  remarked 
by  Sir  J.  J.  Thomson-*  that  however  the  current  be  increased  in  a 
carbon  arc  the  temperature  of  the  crater  remains  constant.  As 
stated  before,  the  experiments  of  Mrs.  Ayrton  show  that  by  increas- 
ing the  current  in  the  carbon  arc  the  potential  gradient  near  the 
cathode  is  more  decreased  than  the  one  near  the  anode,  the  latter 
being  httle  affected. 

J.  Hartmann's^  chief  objection  to  temperature  as  the  cause  of 
production  of  the  magnesium  polar  line  at  ^  4481  studied  by  him 
and  which  he  obtained  much  stronger  in  low-current  than  in  high- 
current  arcs  was  his  assumption  that  the  temperature  in  a  large- 
current  arc  is  higher  than  in  a  low-current  arc.  This  view  was 
deduced  from  the  larger  tendency  of  the  electrodes  to  melt  with  a 
high  current;  but  a  larger  mass  of  incandescent  vapor  at  a  lower 
temperature  (which  probably  is  the  case  in  a  high-current  and  low- 
potential  arc)  would  certainly  produce  the  same  effect,  especially 
on  siich  low  melting-point  electrodes  as  magnesium.  It  is  true  that 
the  work  of  Hale,  Adams,  and  Gale^  tends  to  show  that  a  30- 
ami)ere  arc  is  hotter  than  a  2-ampere  one;  but  in  their  experiments 
the  difference  of  potential  between  the  poles  was  kept  a])proxi- 
mately  constant  and   further  they  dealt    only    with    median    arc 

'  Astro  physical  Journal,  20,  274,  1Q04. 

'  Ibid,  28,  (>(),  1908. 

^  .Sir  J.  J.  Thomson,  Elnlrii  ity  llironi^li  (iasrs.  ( haps,  xvi  and  xvii. 

*  IliiiL,  (hap.  xviii. 

^  Ailruphysical  Journal,  17,  270,  Jgo.j. 

'  Ibid.,  24,  185,  19c/). 
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lines  and  not  polar  lines;  i.e.,  their  considerations  were  i)robably 
ai)plie(l  to  the  central  parts  of  the  arc. 

The  only  ground  on  which  Dutlield  rejected  temperature  was 
that  the  lines  were  of  the  same  intensity  at  the  two  poles  which  he 
assumed  to  be  at  dilTerent  temperature.  The  present  work, 
however,  shows  that  the  potential  .i^radients  are  practically  the  same 
at  the  two  electrodes  and  the  temperature  presumabl}-  the  same. 

The  temperature  hypothesis  might  also  in  part  explain  the  fact 
that  polar  lines  are  more  numerous  and  stronger  in  the  ultra-violet 
than  in  any  other  region  of  the  spectrum;  for  an  increase  of  tem- 
perature of  the  emitting  vapor  (such  as  in  passing  from  the  center 
to  the  region  near  the  poles  of  an  arc)  might  be  expected  to  be 
accompanied  b\'  an  increase  of  the  relative  intensity  of  the  more 
refrangible  lines.  This  is  in  accord  with  some  bolometric  experi- 
ments by  Pfliiger'  who  has  shown  that  in  metallic  sparks  (where  the 
vapor  is  at  a  high  temperature)  the  maximum  of  energ\-  is  in  the 
remote  ultra-violet. 

It  would  therefore  appear  from  the  above  evidences  that  tem- 
perature or  eventually  potential  gradient  can  afford  a  plausible 
explanation  for  the  production  of  polar  lines  in  arc  spectra,  the 
probable  close  relationship  between  these  two  causes  rendering  for 
the  present  impossible  to  ascertain  which  of  them  plays  the  most 
important  part  in  the  phenomenon. 

I  take  this  opportunity  to  thank  Professor  Rutherford  for 
placing  the  necessary  apparatus  at  my  disposal. 

Physical  L.\boratories 
The  University,  Manchester 

'  Annalen  der  Physik,  13,  890,  1904. 


ON  THE  SPECTRUM  OF  P  CYGNI 

By  EDWIX  B.  frost 

This  previously  unrecorded  star  was  disco\'ered  by  Janson  on 
August  i8,  1600.  It  was  observed  by  Kepler  two  years  later  when 
it  was  of  the  third  magnitude,  and  it  remained  visible  to  the  eye 
until  1 62 1.  Cassini  found  it  to  be  of  the  third  magnitude  for  a 
short  time  in  1655.  and  after  another  less-marked  rise  in  1665  it 
slowly  decHned  in  brightness.  Since  1677  the  light  of  the  star  has 
apparently  been  very  nearly  constant,  at  magnitude  5.0. 

As  is  shown  in  Plate  XIV,  the  striking  features  of  the  spectrum 
are  the  intense,  broad,  bright  lines  of  hydrogen  and  helium  and  the 
relatively  narrow  adjacent  dark  Unes  which  fringe  the  margins 
toward  the  violet  and  thus  appear  to  have  a  very  large  displace- 
ment toward  shorter  wave-lengths. 

This  paper,  the  principal  observational  facts  of  which  were 
communicated  to  a  meeting  of  the  Astronomical  and  Astrophysical 
Society'  in  1905,  is  intended  to  show  (i)  that  the  spectrum  has  not 
varied  appreciably  in  recent  years;  (2)  that  the  displacements  of 
the  dark  lines  are  spurious,  being  due  merely  to  the  fact  that  all 
but  the  edges  of  the  dark  lines  are  obscured  on  the  photographic 
plate  by  the  intense  bright  lines;  and  (3)  that  the  radial  velocity  of 
the  dark-line  system  is  probably  about  —82  km  per  second,  that  of 
the  bright-line  system  about  —12  km.  An  explanation  of  the 
difference  of  70  km  in  these  two  values  is  not  obvious;  and  when 
spectrographic  observations  covering  a  much  longer  period  of  years 
have  been  made,  this  dilTerenco  may  perhaps  be  found  variable. 
The  velocity  of  the  dark-line  system,  after  correction  for  the  solar 
motion,  is  about  —65  km  (approach),  which  is  unusually  large, 
but  not  exceptional  for  a  steady  radial  velocity  of  a  hehum  star. 

The  spectrograms  have  been  taken  with  a  disj^ersion  of  one 
prism,  and  are  as  given  in  the  following  list : 

'  Publicalioiii  of  the  A  slrotiomiml  and  A  strophysical  Society  oj  A  merica,  i ,  244. 
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Number 


>ate 

G.M.T. 

Duration 

Hour  Angle 

May  21 

i8''23"' 

60™ 

E  3»'48» 

May  31 

20  55 

58 

Eo  37 

June  10 

20  05 

70 

Eo  48 

June  2^ 

20  20 

60 

Wo  25 

Sej)t.  18 

>4  57 

7-2 

W  0  36 

July  23 

19  36 

60 

VV  I  30 

Sc|)t.  10 

15  33 

60 

W  0  45 

Nov.     2 

12   13 

70 

VV  0  52 

April  22 

21    20 

80 

E  2  45 

Sept.  27 

15   18 

155 

W  I   28 

Quality 


Observers 


IB  348 
35 1 
356 
554 
583 
813 
842 
1814 

304Q 
I A       II 


1904 
IQ05 

IQO() 
1 90S 

igi2 
igog 


V.g. 

V.g. 

Too  strong 

Too  strong 

V.g. 

V.g. 

Weak 

G. 

G. 

Fair 


F.B.S. 

F.S. 

F.S. 

F.  S. 

F.  S. 

B.S. 

F.S. 

L. 

G.S. 

F.L.S. 


B.  =B.'irrett;  F.  =Frost:  G.  =Gingrich;  L.  =Lee;  S.  =Sullivan. 


The  last  spectrogram  in  the  Ust,  lA  11.  was  obtained  with  the 
instrument  altered  to  include  the  red  region,  on  a  Cramer  "Spec- 
trum" plate.  No.  3049  was  secured  after  this  manuscript  had  been 
written,  on  a  Seed  "L-Ortho"  plate.  It  extends  farther  into  green 
as  well  as  into  ultra-violet  than  most  of  the  other  plates  of  the 
series. 

The  principal  lines  observable  on  these  plates  are  now  given 
according  to  elements: 

Hydrogen  (with  both  bright  and  dark  components):  e.  A  3970; 
5.  A  4102;  7,^4340;  /S. /4861;  0.^6563. 

Helium  (both  bright  and  dark) :  // 3889.  3964,  4026.  4121,  4143, 
4388.  4472,  4713,  4923,  5016.  5876  (D3),  6678.  Helium  lines  missing 
or  very  faint:  //  4009  (dark  only),  4024,  4169.  4438  (very  faint). 
5048  (dark  component  only  visible). 

Oxygen  (both  bright  and  dark):  /A  4349,  4351,  4367,  4591, 
4649  (dark),  4661,  4676. 

Nitrogen  (bright  and  dark,  unless  otherwise  indicated) :  XX  3995. 
4601.  4607.  4614  (d.),  4622,  4631,  4643. 

Calcium  (dark  only):    K,  A  3933. 

SiHcon  (dark  only):   AA  4553,  4567,  4574. 

Unidentified  lines:  XX  4002  (d.),  4004  (d.).  4252  (d.),  4419  (br.), 
4570  (d.),  5055  (br.),  5043  (d.).  5123  (d.)  and  5127  (br.),  5152  (d.) 
and  5155  (br.),  5189  (v.  ft.).  5240  (br.).  5285  (d.),  5408  (d.).  5664 
(d.)  .V.^  5676  (d.)  .V.^ 

In  the  Harvard  Revision  {Annals,  50 j  and  in  56.  183.  the  type 
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assigned  to  P  Cvi^ni  is  B4P — probably  it  is  the  only  case  where  B4 
occurs.  In  Harvard  Annals,  56,  171.  we  find  it  classed  as  ''Bi  with 
hydrogen  lines  bright."  This  latter  assignment  agrees  better  with 
the  appearance  of  our  spectra  as  indicated  by  the  above  list  of  lines. 

The  spectrum  strongly  resembles  that  of  other  novae  at  certain 
stages  of  their  development,  but  with  marked  ditTerences:  the 
bright  lines,  and  still  more  so  the  dark  Hnes.  are  very  much  narrower 
in  P  Cygni  than  in  novae;  the  bright  lines  are  only  slightly  dis- 
placed and  do  not  on  these  plates'  show  distinct  components  or 
maxima;  they  are  not  x-isible  at  H  or  at  K;  the  bright  band  of 
novae  at  /  4640  is  not  conspicuous  beyond  its  fellows  of  oxygen 
and  nitrogen  in  P  Cygni.  The  dark  lines,  too,  are  single  in  P  Cygni 
and  their  displacement,  while  large  for  an  ordinary  star,  is  small  for 
a  nova:  numerous  enhanced  metallic  lines  are  often  seen  in  a  nova, 
but  few  in  P  Cygni. 

The  evidence  that  the  displacements  of  the  absorption  lines  are 
spurious  and  merely  due  to  the  concealment  of  the  greater  part  of 
the  Unes  by  the  overlying  bright  line  is  most  readily  shown  in  the 
following  tables,  which  indicate  very  different  values  of  the  velocity 
of  approach  for  the  different  lines  and  different  elements.  The 
value  of  the  displacement  of  the  dark  lines  is  given  in  Angstrom 


TABLiO  I 
Displacements  and  Velocities  for  Hydrogen  Lines 


HS 

By 

HP 

Plate 

Dark 

Bright 

Dark 

Bright 

Dark 

Bright 

348 

351 

356 

554 

583 

813 

842 

1814 

3049 

A               Km 
-2.39=-i75 
-2.25      -165 

-2  45      -179 

—  2.20      —161 

—  2.87      —210 
-2.12       -155 

Km 
-14 

-  11 

-  4 

-  7 

-  4 

-  2 

A                Km 

—  2.78=  —  192 
-2.66     -184 
-2.74     -189 
-2.56     -177 
-2.71      -187 
-2.98     -205 
-2.65      -183 

—  3  03     -  209 

—  2 . 46     —  1 7 1 

Km 

—  20 
-•7 

-  9 
+   7 

-  5 
-28 

-14 
— 10 

—  7 

A               Km 
-3-52=-2i7 
-3.54     -218 
-3.42     -211 
-3  88     -239 

-3  75     -231 

—  3.66     —226 
-3.47     -214 

Km 

—  6 

—  10 

—  8 

—  10 

-15 

—  21 

+  5 

Means . . 

-2.38=-i74 

-   7 

-2.73=-i89 

-II   1   -3.6i  =  -223 

1 

-  9 

Mean  (or  at  measures  of  bright  //  lines—  —9.5  km. 
'  On  I'latc  583  there  arc  suggestions  of  diiplic  ity  for  hrighl  //>  and  l)riglu  X  4388. 
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units,  to  which  arc  iuKlcil  the  corresponding  \ulucs  as  velocities, 
although  it  is  not  believed  that  this  should  be  interpreted  as  due  to 
velocity;  but  for  the  emission  lines,  the  displacement  is  expressed 
only  in  km  per  second,  as  it  \vt)uld  apj)ear  to  be  a  genuine  Dopi)ler 
effect.  Correction  for  the  velocity  of  the  earth  has  of  course  been 
made  for  each  individual  value. 

Considering  the  hydrogen  lines  first,  we  note  that  in  the  mean 
the  displacement  of  the  dark  component  at  II (^  is  —3.6  A,  as  com- 
pared with  —  2  . 8  A  for  II j  and  —  2  . 4  A  for  11^:  if  this  were  to  be 
regarded  as  j)r()pcrl\  convertible  into  velocitw  that  derived  for 
III^  would  be  greater  by  nearly  50  km  than  that  for  H^.  This 
amount  is  obviously  much  in  excess  of  even  the  large  accidental 
errors  unavoidable  in  the  measurement  of  such  broad  Hnes;  and 
at  once  negatives  the  possibility  that  these  are  Doppler  effects. 

TABLE  II 
Displacements  and  Velocities  for  Helium  Lines 


A  4388.100 

A  4471.676                                        A  4713. 308 

Dark 

Bright 

Dark 

Bright  :              Dark 

Bright 

j            A              Km 

348 -i.90=-i30 

351 —1.76     —120 

356 -1.86     -127 

554 1   -2.02     -138 

583 1   -1.68     -115 

813 -2.01     -137 

842 -1.79     —122 

1814 —1. 61      —no 

3049.....     -1.98     -13s 

Km 
-34 
-14 

+  '4: 
-   6 

-24 
+   2: 

A             Km 

—  2.46=— 165 
-2.49      -167 
-2.53     -170 

—  2.41     —162 
-2.49     -167 
-2.53     -170 

—  2.44     —164 
-2.52     -169 
-2.27     -152 

Km 
-23 
-18 
0: 
-19 

—  8 

—  II 

—  12 
-24 

—  12 

A             Km 

—  2.22=  —141 

-2.09    -133 

-2.53      -i6i 

—  2.22      —141 

-2.34      -149 
-2.34     -149 

Km 

-17 
—  n 

-24 
-28 

Means  .1   —1.85  =  — 126 

—  12      —2.46=  — 165 

-14 

—  2.29=  -146 

—  20 

Mean  for  the  19  measures  of  bright  He  lines  =  —14.7  km. 

Per  conlni,  the  displacements  of  the  centers  of  the  bright  lines 
are  in  excellent  accordance,  with  a  mean  velocity  of  lo  km  of 
approach.  This  is  a  very  reasonable  \alue  of  the  velocity  of  a 
helium  star;  it  is  contirmed  by  the  velocity  derived  from  the 
bright  components  of  the  three  principal  helium  lines,  which  will 
be  seen  from  Table  11  to  be  —  15  km  (this  small  difference  of  5  kin 
has  no  significance  in  settings  on  the  centers  of  such  very  broad 
lines).     On   one  plate   the  displacements  of  the  stronger  lines  of 


290 


EDWIN  B.  FROST 


oxygen  and  nitrogen  in  the  region  /  4600-4700  were  measured. 
The  values  of  the  velocity  for  the  bright  components  are  again 
entirely  consistent  with  those  above.  We  therefore  conclude  that 
the  measures  upon  the  centers  of  the  bright  hnes  yield  the  radial 
velocity  of  the  body  or  envelope  from  which  they  originate,  except 
as  possibly  modified  by  pressure. 

Reverting  to  the  dark  components,  we  note  in  Table  II  that 
there  is  similarly  a  consistent  difference  in  displacement  among 
themselves  for  the  helium  Unes,  but  without  any  apparent  relation 
to  the  wave-length.  The  mean  of  all  velocities  of  the  dark  com- 
ponents of  the  three  hydrogen  Hnes  would  be  more  than  50  km 
tireater  than  the  similar  mean  for  the  three  heHum  Unes,  a  condition 
wholly  inconsistent  with  any  interpretation  of  their  displacements 
as  a  Doppler  effect. 

TABLE  III 
Velocities  for  Silicon  Lines  (Dark  Only) 


Plate 


^4552.636 

A  4567. 897 

^4574.791 

Mean 

Km 

Km 

Km 

Km 

-    74 

-91 

-85 

-83 

-   82 

-75 

-72 

-76 

-    74 

-86 

-66: 

-75 

-   97 

-67 

-71 

-78 

-   82 

-98 

-82 

-87 

-    85 

-76 

-78 

-80 

— 106 

-87 

-95 

-96 

-    92 

-86 

-72: 

-83 

-   82 

-84 

-81 

-82 

-   86 

-83 

-78 

82 

348.... 

35I-- 
356... 
5S4--- 
583. ■•• 
813... 
842 

1814 

3049 

Means 


This  is  still  more  strikingly  brought  out  when  we  pass  to  the 
silicon  lines,  which  are  dark,  without  xnsible  emission  components 
on  these  plates.'  Table  III  shows  the  evidence  (which  was  noted 
eight  years  ago,  as  the  first  of  the  plates  were  measured)  that  we 
have  here  a  very  different  radial  velocity,  practically  identical' 

'  .\n  occasional  suspicion  of  a  bright  component  to  Si  4553  is  indicated  in  the 
notes:  \'o.  583:  "Probably  no  bright";  .No.  3049:  Settings  were  made  on  "Is  it  a 
bright  fringe?"  It  yielded  a  valiy;  of  -|-H  km.  In  many  cases  it  was  recorded  that 
no  bright  fringes  were  vi.sible. 

'  It  would  be  more  appropriate  in  measurements  on  such  stars  as  novae,  and  in 
general  on  those  having  very  broad  lines,  to  employ  for  velocity  a  unit  of  10  kilometers; 
that  unit,  the  "myriameter,"  has  been  so  little  used,  however,  that  its  em|)l<)yment  in 
s|x:cial  cases  might  lead  to  confusion. 
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t\)r  iho  llire-f  lines  aiul  apparently  constant  during  the  eight  years 
covered  by  the  jjlates.  at  about  —  S2  km.  As  we  sec  no  bright 
components  which  might  be  masking  all  but  the  more  refrangible 
positions  of  the  dark  lines,  we  are  not  justified  in  making  any  other 
assumption  than  that  we  obtain  from  the  three  silicon  lines  the 
true  \elocity  in  the  line  of  sight  of  the  botly  or  enxelope  responsible 
for  the  absorjjtion  lines. 

It  remains  to  see  what  would  be  the  true  breadth  of  the  dark 
lines,  on  this  assumption  that  the  actual  velocity  for  the  dark  com- 
ponents is  —82  km  per  second,  and  that  their  apparently  narrow 
character  is  due  to  their  being  for  the  most  part  covered  up  by  the 
broad  overlying  bright  components.     On   the  spectrograms  best 

T.VHLE  I\' 
Widths  ix  .\ngstroms  of  Cert.aix  Lixes 


m 


Plate 


Bright      Dark 


348. 

351 

554 

813. 

842. 

1814. 

3049 


2.2   I 


2.0 

2-3 


Means. 


1.9 


i-S 


By 


Bright  I    Dark 


30 

3-2 

3-5 
2.9 
2.8 
2.9 
2.8 


30 


1-5 
0.9 
2.0 
1.9 
1 .0 
17 


Bp 


Bright      Dark 


IS 


4-3 


2.8 
2-4 

2.0 
1.6 


Be  A  4472 


Bright      Dark 


2.6 
2.6 
2.4 
2.0 

i-S 

1.9 


2.2 


1.6 

1-3 
1.8 
1.9 

i-S 
1.9 


1.6 


suited  for  this  purpose,  I  made  settings  on  the  edges  of  both 
bright  and  dark  components,  whence  were  derived  the  widths  of  the 
lines,  as  given  in  Table  I\'.  Taking  the  relative  difference  in  velo- 
city for  the  centers  of  the  bright  lines  and  the  concealed  centers  of 
the  dark  Unes  to  be  70  km.  we  examine  the  data  to  lind  whether  the 
margins  toward  red  of  the  dark  lines  ought  to  project  beyond  the 
margins  of  the  bright  components.  It  can  readily  be  shown  that 
they  should  thus  project  only  when  the  width  of  the  visible  portion 
of  the  dark  component  is  greater  than  twice  the  relative  displace- 
ment. The  displacement  corresponding  to  70  km  is  as  follows  for 
the  lines  concerned:  //5.  0.96  A;  //7,  i.oi  A;  H^,  1.13A;  He, 
A  4472,  1.04  A.     Hence  there  should  be  second  dark  components 
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on  the  red-ward  margins  of  the  bright  lines  only  when  the  visible 
width  of  the  dark  components  exceed  twice  these  values,  or  from 
1.92  A  for  H8  to-  2.26  a  for  H^.  It  will  be  seen  from  the  table 
that  the  mean  widths  of  the  dark  lines  are  well  under  this  limit. 
There  is  but  one  indixidual  exception,  for  H0  on  X0.813,  and  here 
the  setting  on  the  vague  edges  of  the  bright  line  is  doubtless  at  fault. 
Careful  examination  of  the  spectrograms  does  not  show  any  dark 
margins  on  the  edges  toward  red,  so  that  this  evidence,  although  in 
a  sense  negative,  tends  to  confirm  the  interpretation  we  have  given. 

It  will  be  seen  from  Table  IV  that  the  widths  for  the  bright 
hydrogen  lines,  8,  7,  and  ^,  are  in  about  the  ratio  2:3:4.  Hence 
it  is  to  be  expected  that  the  broadest  lines  will  give  the  largest 
spurious  displacement  to  their  dark  components,  as  was  shown  to 
be  the  case  in  Table  I.  The  bright  lines  are  much  less  broad  than 
is  usually  the  case  for  an  active  nova. 

If  we  regard  the  spectrum  of  P  Cygni  to  be  due  to  a  single  body 
ha\'ing  a  radial  velocity  of  approach  of  82  km.  then  the  bright 
components  are  displaced  toward  the  red  by  the  ecjuivalent  of  82- 
13  km,  or  1 .0  A  at  .^7,  i .  1  A  at  H^.  We  have  no  adequate  data 
as  to  the  quantitative  efTect  of  pressure  upon  the  displacement  of 
lines  of  permanent  gases  like  hydrogen  and  helium;  but  if  of  the 
order  of  the  shifts  for  metallic  Unes,  this  would  imply  a  pressure  of 
over  200  atmospheres.  elTective  in  the  portion  of  the  star  emitting 
the  bright  lines,  but  not  in  the  reversing  la\er.  While  this  seems 
highly  improbable,  the  i)hen()mena  of  temj)()rary  stars  are  generally 
so  improbable  that  they  would  a  priori  be  regarded  as  impossible. 

My  results  are  in  excellent  agreement  with  those  obtained  by 
Belopolsky'  from  spectrograms  taken  on  September  21  and  22, 
1899.  The  special  purpose  of  his  article  was  to  call  attention  to  the 
identity  of  numerous  lines  (chiefly  between  A  4601  and  /  4651)  with 
those  of  air  lines  (^V  and  O)  in  hiscomj)arison  spectrum,  which  had 
not  been  previously  established.  Belopolsky  gives  substantially 
the  same  displacements  for  the  hydrogen  lines  /3  and  7  that  I  have 
tabulated  above,  which  is  additional  evidence  of  the  absence  of  any 
considerable  change  in  the  spectrum  in  nearly  13  \ears.  He  attrib- 
utes the  difTerence  in  displacement  for  the  dark   IW  and  //7   to 

'  Aslrophysiral  Journal.  io,3i(j,  i8q(>;  Aslrotiomischc  Siidirichlni,  151,  .^7,  1899. 
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photographii  irradiation,  if  I  corrri  lly  inlcrprt-l  his  words:  "This  is 
certainly  to  l)c  explained  b\'  silver  precipitation  of  the  l)ri<,du  lines 
overlyin<^  the  dark  lines  at  their  edj^es.  so  that  the  observer  makes  his 
settin<rs  on  the  etlj^e  of  the  brij^ht  line,  and  not  on  the  dark  line." 
Photographic  irradiation  evidently  does  complicate  the  measure- 
ments on  such  spectra,  tending  to  narrow  the  visible  dark  compo- 
nents, besides  giving  an  undue  width  to  the  strong  bright  Hues. 

It  is  unfortunate  that  only  one  of  our  spectrograms  (that  last 
secured)  is  strong  enough  at  K  to  give  us  information  as  to  that 
interesting  hne.  It  appears  to  have  no  bright  component,  being  a 
quite  narrow  dark  line.  It  yielded  a  velocity  of  o  km,  thus  differing 
widely  from  the  dark  silicon  lines.  Such  behax-ior  of  the  K  hne  is 
found  so  frequently  in  spectra  of  type  B  that  it  is  hardly  abnormal, 
although  as  yet  unexplained. 

Paul  W.  Merrill  has  recently'  published  a  note  on  the  spectrum 
of  P  Cygni,  from  which  it  appears  that  bright  components  of  the 
silicon  Unes  are  visible  on  the  three-prism  spectrograms  taken  at 
Mt.  Hamilton,  and  that  these  bright  Unes  have  a  displacement 
toward  the  red  of  0.26  A  as  compared  with  the  bright  hues  of  H 
and  He.  1  am  somewhat  surprised  that  these  bright  Si  components 
should  not  be  more  conspicuous  on  our  single-prism  plates  than  on 
these  three-prism  plates,  but  it  is  e\idently  not  the  case.  The 
effect  of  in\'isible  bright  components  on  my  measures  of  these 
dark  lines  would  be  to  make  the  negative  displacements  too  great, 
so  that  the  velocity  of  —82  km  inferred  from  these  lines  might  be 
too  large.  Mr.  Merrill's  velocities  for  the  bright  hydrogen  and 
helium  hues  are  practically  in  agreement  with  those  given  here. 

My  interest  in  this  spectrum  has  been  largely  due  to  the  hope 

that  some  of  the  compUcations  in  the  spectrum  of  /3  Lyrae  might 

be  e.xplained  if  we  assigned  to  one  of  the  components  a  character 

like  that  of  P  Cygni.     There  are  many  points  of  similarity  in  the 

spectra  of  the  two  stars,  and  if  an  oscillating  system  of  lines,  due 

to  the  orbital  revolution  of  a  second  body,  were  superposed  upon 

the  spectrum  of  P  Cygni,  it  would  reproduce  some  of  the  interesting 

features  of  0  Lyrae. 

Yerkes  Observ.\tory 
.April  191 2 
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Transactions  of  the  International  Union  for  Co-operation  in  Solar 
Research,  Vol.  Ill  (Fourth  Conference).  Manchester  and 
London:  Sherratt  &  Hughes;  New  York:  Longmans 
Green  &  Co..  1911.  8vo,  pp.  231.  S2.50. 
This  volume  follows  the  style  of  the  two  which  have  preceded  it, 
except  that  the  duplication  of  the  records  of  the  sessions  in  French  and 
German  is  avoided,  English  being  used  as  the  language  of  the  country 
in  which  the  meeting  was  held.  A  very  accurate  stenographic  report 
of  the  interesting  meetings  on  Mount  Wilson  occupies  the  first  133  pages. 
The  proof  sheets  of  the  report  were  submitted  to  the  persons  concerned 
and  hence  it  may  be  regarded  as  authentic  in  every  way.  The  at- 
tendance at  the  four  sessions  was  large,  and  the  discussions  had 
numerous  participants,  adding  to  the  value  and  interest  of  the  record. 
Part  IV  contains  in  four  pages  the  text  of  all  the  resolutions  adopted 
by  the  Union  at  Mt.  Wilson.  Part  VI  (pp.  139-200)  gives  the  reports 
of  the  committees,  together  with  papers  communicated  to  the  Union 
for  this  meeting.  These  reports  include  those  on  standard  wave-lengths, 
on  the  measurement  of  solar  radiation,  on  work  with  the  spectrohelio- 
graph,  on  sun-spot  spectra,  on  eclipse  observations;  together  with 
individual  papers  by  M.  Deslandres:  "Sur  les  spectroheliographes  de 
grande  dispersion,"  "Isolement  des  couches  superieures  de  I'atmosphere 
solaire,"  "Sur  le  spectro-enregistreur  des  vitesses  radiales  du  soleil"; 
and  by  M.  Perot:  "Sur  la  signification  des  mesures  de  vitesse  de  rota- 
tion par  la  methode  spectroscopique,"  and  "Sur  la  rotation  du  soleil." 
The  volume  closes  with  the  two  evening  addresses  delivered  at  the 
conference,  by  Mr.  C.  G.  Abbot  on  "The  Solar  Constant,"  and  by 
Professor  Kapteyn  "On  the  Systematic  Proper  Motion  of  the  Orion 
Stars." 

Those  who  were  fortunate  enough  to  be  able  to  attend  this  memorable 
conference  have  doubtless  already  secured  copies  of  this  volume;  those 
who  were  not  so  fortunate  can  supply  the  deficiency  to  some  extent  by 
.securing  copies  for  themselves  and  for  tin-  libraries  in  which  they  are 
interested. 

F. 
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T/ic  Prof^rcss  of  P/iysics  during  jj  Vcurs  (iS^j-igoS).  By 
Arthur  Schuster.  Cambridge:  The  University  Press,  191 1. 
8vo,  pp.  164.  with  frontispiece  portrait  of  J.  Clerk  Maxwell. 
7,3.  6</.  net. 

This  slendtT  xolumt.'  comprises  four  lectures  delivered  to  the  L'ni- 
versity  of  Calcutta  in  March  1908.  The  third  of  a  century  included  by 
the  lecturer  was  that  which  had  elapsed  between  his  first  and  his 
second  visits  to  India.  The  author's  intention  was  to  record  the  changes 
in  the  point  of  view  of  physical  science  rather  than  to  give  a  historical 
account  of  the  discoveries  made  during  the  period;  and  he  warns  his 
hearers  that  the  account  will  be  fragmentary,  and  to  a  considerable 
extent  reminiscent  of  scientific  matters  with  which  the  author  has  had 
l)ersonal  relations.  This  personal  touch,  with  recollections  of  Maxwell, 
and  the  early  workers  at  the  Cavendish  laboratory,  of  Helmholtz  and 
the  men  gathered  about  him  at  Berlin,  gives  a  special  interest  to  the 
lectures.  The  cosmopolitan  character  of  the  author's  education  and  ex- 
perience contributes  to  the  catholic  view  displayed  throughout  the  book. 

Titles  are  not  assigned  to  the  separate  lectures,  which  overlap  to 
some  extent,  and  the  whole  treatment  is  delightfully  informal  and  covers 
a  large  number  of  topics,  as  may  be  seen  from  the  following  excerpts. 

From  Lecture  I:  State  of  Physics  in  1875.  Maxwell's  theory  of 
electricity.  Kirchhoff's  laboratory'.  The  two  laboratories  of  Berlin. 
Laboratory  instruction  at  Manchester.  Spectrum  analysis.  The 
radiometer.     Theory  of  vortex  atom. 

From  Lecture  II:  Verification  of  electromagnetic  theory  by  Hertz. 
Wireless  telegraphy.  Early  experiments  in  electric  discharge  through 
gases.  Kathode  rays.  Ionization  of  gases.  Measurement  of  atomic 
charge. 

From  Lecture  III :  Roentgen's  discovery.  Discovery  of  emanations. 
Decay  of  the  atom.  The  Michelson-Morley  experiment.  Principle  of 
relativity.  The  Zeeman  effect.  Contrast  between  old  and  modern 
school  of  physics. 

From  Lecture  IV:  Terrestrial  magnetism.  Existence  of  potential. 
Separation  of  internal  and  external  causes.  Magnetic  storms.  Solar 
influences,  .\tmospheric  electricity.  Cause  of  thunderstorms.  Age  of 
the  earth.     Gravitation. 

Enough  has  been  said  to  show  that  every  physicist,  and  those  ha\ing 
interests  in  related  branches,  will  greatly  enjoy  as  well  as  profit  by  the 
reading  of  this  book. 

F. 
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THE   COLLECTED    SCIENTIFIC    WORKS   OF    SIR    WILLIAM 

HERSCHEL 

Wc  have  pleasure  in  drawing  attention,  at  the  request  of  the  Royal 
Society  and  the  Royal  Astronomical  Society  of  London,  to  the  publica- 
tion at  their  expense,  in  a  limited  edition,  of  The  Scientific  Papers  of 
Sir  William  Herschel,  in  two  volumes,  royal  quarto,  in  boards,  Vol.  I, 
pp.  i-cxx,  1-597;  Vol.  II,  pp.  i-viii,  1-7 18,  with  3  portraits  and  other 
plates.  The  agents  for  sale  are  Dulau  &  Co.,  37  Soho  Square,  London, 
W.,  who  will  forward  the  work  direct  at  the  price  of  £2,  105  net.  The 
following  description  is  reproduced  from  the  Preface: 

Soon  after  the  death  of  Sir  William  Herschel  in  1822,  his  distinguished  son, 
Sir  John  F.  W.  Herschel,  F.R.S.,  formed  the  plan  of  republishing  his  father's 
papers;  but  he  found  on  inquiry'  that  no  publisher  would  be  willing  to  undertake 
the  risk  of  so  extensive  a  work.  He  therefore  resigned  the  idea,  considering  that 
he  might  contribute  more  effectually  toward  a  monument  to  his  father's  memory 
by  devoting  himself  to  extending  and  carrying  out,  with  his  owti  instruments 
and  after  his  own  manner,  his  father's  processes  of  observation.  A  German 
translation  was  commenced  by  Professor  J.  W.  Pfaff  of  Erlangen,  but  only 
the  first  volume  was  pubhshed  (IP.  Herschel  Sdmmtliche  Schriften.  Erster 
Band:   "Ueber  den  Bau  des  Himmels."     Dresden  und  Leipzig,  1826,  8°). 

The  papers  of  W.  Herschel  are  scattered  over  about  forty  volumes  of  the 
Philosophical  Transactions,  and  they  have  become  diflicult  of  access  to  many 
to  whom  their  study  is  of  importance.  A  useful  summary  of  their  contents 
was  published  by  Professors  Hastings  and  Holden  in  the  Smithsonian  Report 
for  1880.  but  a  collected  edition  of  the  papers  has  always  been  considered  a 
desideratum  in  astronomical  literature,  and  from  lime  to  time  it  has  been 
strongly  urged  that  a  complete  reprint  should  be  made  available. 

Early  in  the  year  igio  the  matter  was  taken  in  hand,  and  a  committee 
was  appointed  by  the  Royal  Society  and  the  Royal  Astronomical  Society 
to  prepare  an  edition  of  William  Herschel's  works  at  the  joint  expense  of  the 
two  societies.  It  consisted  of  Sir  William  Huggins  (who  was  prominent  in 
promoting  the  work,  but  was  only  able  to  preside  over  two  meetings  of  the 
committee  before  his  death).  Sir  Joseph  Larmor  and  Professor  R.  A.  Sampson, 
representing  the  Royal  Society,  and  Sir  David  (lill,  Mr.  J.  A.  Hardcaslle,  and 
Professor  H.  H.  Turner,  representing  the  Royal  Astronomical  Society.  Soon 
afterward  Dr.  J.  L.  E.  Drcyer  and  Major  E.  H.  Hills,  and  finally  Mr.  F.  W. 
Dyson,  Astronomer  Royal,  were  added  to  the  committee. 

It  seemed  desirable  to  reprint  all  Herschel's  published  papers  exactly 
as  they  had  been  Lssued  by  him,  without  omissions  or  alterations — e-xcept 
that  actual  errors  of  observation,  or  identification  of  the  observed  objects, 
should  be  |)oinle<l  out.  Some  errors  of  this  kind  in  the  observations  of  Double 
Stars  had  been  founri,  chielly  by  the  late  Mr.  H.  Sadler,  from  an  examination 
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of  thf  MS  sheets  belonging  to  the  Royal  Astronomical  Society;  and  these 
have  now  been  checked  where  necessar\"  Ijy  reference  to  the  original  obser\ing 
journal.  But  it  appeared  to  be  specially  important  to  take  this  opportunity 
to  make  a  revision  of  the  three  catalogues  of  nebulae  in  order  to  clear  up 
many  ditTiculties  in  reconciling  Herschel's  results  with  those  of  later  observers. 
This  has  been  done  by  an  examination  of  the  original  "sweeps,"  which,  together 
with  Caroline  Herschel's  Zone  Ciilalo^uc  and  the  observations  of  the  objects 
in  Messier's  catalogue,  were  lent  for  this  purpose  by  the  Royal  Society.  It 
is  hoped  that  this  revision  has  resulted  in  improving  the  accuracy  of  the  three 
catalogues;  but  at  the  same  lime  it  should  be  stated  that  the  revision  has 
furnished  additional  proofs  of  the  ver>'  great  care  with  which  the  observations 
were  both  made  and  reduced. 

The  reprint  has  been  made  complete  as  regards  the  published  scientific 
work,  though  this  has  involved  the  insertion  Ln  \'ol.  II  of  three  papers  on 
Xewton's  colored  rings,  which  have  not  more  than  a  personal  interest  (see 
Introduction,  pp.  Ivii-lviii). 

The  committee  have  been  under  great  obligations  to  Sir  William  J.  Herschel, 
Bart.,  who  generously  placed  at  their  disposal  his  grandfather's  letters,  his 
observing  journal,  the  record  of  the  polishing  of  mirrors,  and  also  autobio- 
graphical memoranda  and  unpublished  papers.  Ever\'thing  of  importance 
that  could  be  extracted  from  these  valuable  materials,  and  brought  within 
reasonable  limits  of  space,  has  been  given  in  the  Introduction  to  the  present 
volumes. 

Many  incidents  of  Herschel's  career  have  thus  been  presented  in  a  new 
light,  especially  as  regards  his  early  life;  while  the  papers  read  before  the 
Bath  Philosophical  Society  form  an  interesting  record  of  his  early  modes  of 
thought  and  of  the  versatility  of  his  mind,  in  addition  to  affording  an  illustra- 
tion of  the  remarkable  activity  of  genuine  physical  speculation  in  England, 
at  a  time  when  formal  mathematical  analysis  was  but  slightly  cultivated. 

The  joint  committee  aforesaid  of  the  Royal  Society  and  the  Royal  Astro- 
nomical Society  are  responsible  for  the  general  plan  of  the  work.  But  they 
desire  to  record  their  obligation,  and  that  of  the  astronomers  who  will  use 
the  reprint,  to  one  of  their  number.  Dr.  J.  L.  E.  Dreyer,  who  ver>'  generously 
undertook  both  the  collation  of  the  manuscripts  and  the  preparation  of  the 
introductory  memoir. 


Descriptive  Meteorology.  By  Willis  L.  Moore.  New  York  and 
London:  D.  Appleton  &  Co.,  1910.  8vo,  pp.  344.  with  81  text 
illustrations  and  45  charts.     S3.CX5  net. 

In  j)reparing  this  valuable  work  the  Chief  of  the  United  States 
Weather  Bureau  has  had  many  advantages,  such  as  long  experience  in 
practical  meteorology,  association  with  many  experts  in  the  past  and 
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present  history  of  this  branch  of  science  in  America,  continuous  access 
to  the  remarkably  complete  library  of  our  national  Weather  Bureau,  and 
direct  consultation  with  the  leading  men  of  its  staflf  on  the  subjects  in 
which  they  are  authorities.  Under  the  last  head  acknowledgments  are 
made  to  Professors  Abbe,  Bigelow,  Kimball,  Henry,  Talman,  Cox,  and 
Humphreys. 

The  book  is  both  theoretical  and  practical,  and  is  intended  to  lead 
up  to  the  art  of  forecasting  the  weather,  for  which  the  North  American 
continent  offers  many  natural  advantages.  One  purpose  of  the  work  was 
to  provide  for  the  needs  of  the  young  men  entering  the  United  States 
Weather  service,  to  whom  some  of  the  great  treatises  in  foreign  languages 
might  not  be  available. 

The  subject  is  treated  in  fifteen  chapters  as  follows:  the  atmospheres 
of  the  earth  and  of  the  ])lanets;  atmospheric  air;  micro-organisms  and 
dust-motes  of  the  air;  physical  conditions  of  the  sun  and  its  relation 
to  the  earth's  atmosphere;  heat,  light,  and  temperature;  thermometry; 
distribution  of  insolation,  and  the  resulting  temperatures  of  the  atmos- 
phere, the  land,  and  the  water;  the  isothermal  layer;  atmospheric 
pressure  and  circulation;  the  winds  of  the  globe;  the  clouds;  precipita- 
tion; forecasting  the  weather  and  storms;  optical  phenomena  in 
meteorology;  climate. 

Among  the  features  in  which  a  departure  is  made  from  the  mode  of 
presentation  in  most  other  works  on  meteorology  we  may  mention 
particularly:  the  treatment  of  the  astronomical  climate,  which  a  smooth 
spherical  earth  would  have  without  an  atmosphere,  from  which  the  reader 
is  led  to  the  modifications  y^roduced  by  the  atmosphere  and  the  earth's 
surface;  the  diagrams  of  the  relative  proportions  at  different  elevations 
of  the  constituents  of  this  atmosphere;  the  discussion  of  the  actually 
observed  motions  of  the  air  at  various  elevations  in  cyclones  and  anti- 
cyclones; of  the  vertical  distribution  of  temperature  under  different 
conditions  of  the  weather ;  of  the  isothermal  layer.  All  these  are  matters 
in  which  the  information  lately  gained  from  kites  and  sounding  balloons 
is  made  available. 

The  chapter  on  forecasting  (in  America)  is  thoroughly  i)ractical.  It 
is  finally  illustrated  by  many  a])])r()priali'  charts  at  the  end  of  the  vol- 
ume. The  numerous  illustrations  throughout  the  book  are  largely  new 
and  excellent.  A  brief  bibliography  at  the  end  of  each  chapter  gives 
the  principal  references  for  the  to|)ic  under  discussion. 

The  author  has  avoided  the  tem|)tation  of  going  too  much  into 
statistics;  in  some  respects  more  such  information  might  have  been 
desirable. 
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The  book  is  in  every  respect  handsomely  gotten  uj)  and  should  prove 

of  wide  service  in  astronomical  libraries  and  in  the  hands  of  many  besides 

those  for  whom  it  was  primarilv  intended. 

F. 

The  Gnat  Star  Map.  By  H.  H.  Turner.  London:  John  Murray, 
1Q12;  New  York:  E.  P.  Button  &  Co.  Crown  8vo.  pp.  159, 
with  frontispiece.  Price:  in  London  2s.  6d.;  in  Xew  York. 
$1 .00  net. 

As  stated  on  the  title-page,  this  is  "a  brief  general  account  of  the 
international  project  known  as  the  Astrographic  Chart."  The  author 
has  to  an  unusual  degree  the  art  of  describing  things  simply  and  interest- 
ingly, both  for  the  general  reader  and  for  those  technically  familiar  with 
a  subject.  The  four  chapters  are  entitled:  I,  "Introduction";  II,  "Star 
Counting";  III,  "Star  Positions";  IV,  "Some  Incidents  of  the  Work." 
Twelve  "notes"  occupy  the  last  twenty  pages  and  give  details  which 
would  chiefly  interest  astronomers. 

The  marked  difTerence  in  price  of  the  work  in  England  and  America 
will  lead  to  renewed  contemplation  of  the  utility  of  a  duty  on  books 
printed  in  England. 


Slur  Lore  of  All  Ages.     By  William  Tyler  Olcott.     Xew  York: 
Putnam.  1911.     Pp.  453  with  50  text  illustrations  and  64  full- 
page  engravings.     S3.  50  net. 
The  title-page  of  this  handsome  work  describes  it  as  "A  Collection 
of  Myths,  Legends  and  Facts  concerning  the  Constellations  of  the 
Northern    Hemisphere."     Emphasis   is   particularly   placed   upon    the 
myths  and  legends,  and  less  upon  the  facts;  where  the  facts  are  recorded, 
the  author  has  depended  largely  upon  second-hand  information,  and 
his  assignment  of  the  authority  upon  whom  a  fact  depends  is  thus  often 
incorrect.     Published   data   are,   perhaps   naturally,   accepted   by   the 
author  at  their  face  value,  without  serious  question  of  their  reliability. 
Thus  of  the  Great  Nebula  in  Andromeda  we  read:    "Recent  and  more 
reliable  calculations  of  its  distance  give   it  a   light-journey  of  about 
nineteen  years." 

It  is  not.  however,  for  its  value  as  a  record  of  astronomical  progress 
that  this  work  will  properly  find  a  place  in  the  library  of  the  teacher  and 
amateur.  The  mythological  associations  with  the  stars  and  constella- 
tions are  manv.  and  are  not  to  be  founfl  in  the  regular  astronomical 
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treatises,  when  required  for  lecture  purposes  or  otherwise.  The  author 
shows  familiarity  with  these  phases  of  his  subject  and  gives  evidence 
of  wide  reading  and  study.  He  acknowledges  his  indebtedness  to 
R.  H.  Allen's  Star  Xames  and  Their  Meanings.  The  numerous  full- 
page  illustrations  are  chiefly  from  classical  paintings  and  statuary,  are 
well  chosen  and  finely  reproduced.  The  work  should  serve  a  very 
useful  purpose. 

F. 

Tables  of  Physical  and  Chemical  Constants  and  Some  Mathematical 

Functions.     By  G.  W.  C.  Kaye  and  T.  H.  Laby.     London  and 

New  York:    Longmans,  Green  &  Co.,  1911.     Royal  8vo,  pp. 

153.     Si. 50. 

This  latest  table  of  constants  differs  from  others  in  its  compactness 

and  the  amount  of  data  from  the  most  recent  fields  of  investigation,  such 

as  ionization,  radioactivity,  etc.     Undue  abbre\'iation  is  not  practiced, 

the  t>'pe  is  clear,  the  size  of  the  page  is  convenient,  and  the  flexible  cover 

adds  to  the  handiness  of  the  book.     The  tables  are  not  numbered,  but 

are  very  numerous,  and  the  range  covered  in  small  compass  is  surprising. 

We  predict  for  the  book  a  career  of  usefulness  which  will  call  for  new 

editions.  F. 
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THE  SOLAR  PROMINENCE  OF  JUNE  19-20,  191 1 
By-FREDERICK  slocum 

On  June  19  and  20,  191 1,  I  observed  on  the  northwest  limb  of 
the  sun  a  prominence  which  possessed  some  especially  interesting 
features.  Twenty-hve  photographs  in  the  light  of  the  H-line  of 
calcium  were  made  with  the  Rumford  spectroheliograph  of  the 
Yerkes  Observatory  on  the  19th,  between  8  a.m.  and  4  p.m.,  of 
which  twenty-one  are  reproduced  in  Plates  XV,  XVI,  and  XVH. 
On  the  20th,  nine  exposures  were  made,  of  which  six  are  repro- 
duced in  Plate  XVII. 

The  sky  remained  clear  and  the  seeing  good  throughout  both 
days,  so  that  a  fairly  complete  record  of  the  changes  in  the  promi- 
nence was  secured.  The  exposure  time,  that  is,  the  time  required 
for  the  image  of  the  prominence  to  pass  over  the  slit,  was  thirteen 
seconds,  and  the  photographs  shown  are  separated  by  intervals 
ranging  from  i .  7  to  100  minutes. 

On  the  19th.  the  prominence  maintained  approximately  the 
same  position  and  dimensions,  while  undergoing  numerous  striking 
internal  changes.  Its  height  remained  about  2'j,  or  97,000  km. 
With  the  exception  of  a  short  time  between  S^  and  &^  30"*  G.M.T., 
its  extent  along  the  limb  was  between  4'  and  5',  or  between  172,000 
km  and  215,000  km.  It  extended  from  latitude  +35°  to  latitude 
-|-49°  on  the  west  limb. 
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When  first  observed,  the  prominence  showed  three  conspicu- 
ous features;  the  arch  on  the  left,  the  pillar  in  the  center,  and  the 
lofty  extension  on  the  right. 

The  arch,  at  first  relatively  thin,  increased  rapidly  in  thickness, 
while  the  space  under  the  arch  diminished  in  area.  Up  to  4'' 
33'"8,  this  space  appeared  intensely  black  and  the  line  of  demarka- 
tion  between  the  bright  arch  and  the  interior  space  was  sharp. 
This  is  especially  well  shown  at  4''  i'"5.  After  that  time,  the 
space  under  the  arch  began  to  fill  up,  and  the  arch  itself  became 
less  massive,  and  finally,  at  about  8'',  completely  disappeared. 
At  8''  58'"o,  a  new  thin  arch  appeared,  and  this  gradually  increased 
in  thickness  until,  at  9''  47'"5,  it  resembled  quite  closely  the  original 
arch  observed  seven  hours  earlier. 

At  5**  32^9  and  5''  34'"9.  interesting  spiral  columns  appear, 
as  if  supporting  the  arch.  Between  S''  58'"o  and  9''  45'"5i  the 
second  arch  changed  from  a  curved  to  a;n  angular,  and  then  back 
to  a  curved  form. 

The  central  pillar  started,  at  2''  i8™2,  with  an  anvil-hke  form, 
45,000  km  high.  This  gradually  increased  in  height  to  a  maxi- 
mum of  65.000  km,  at  4^  36^9,  its  apparent  motion,  therefore, 
being  at  the  rate  of  2.4  km  per  second.  Throughout  its  develop- 
ment it  was  curving  to  the  right  or  south.  After  4'^  36'"9,  this 
pillar  began  to  disintegrate,  and,  at  7''  39™5,  it  was  replaced  by  a 
form  somewhat  resembling  a  sky-rocket  with  a  large  and  brilliant 
head.  This  head  moved  to  the  south  at  the  rate  of  13  km  per 
second,  and  was  soon  lost  in  the  higher  portion  of  the  prominence. 
At  S*"  lyl^S,  the  pillar  had  again  assumed  an  anvil  shape,  but,  at 
S**  58'"o,  it  was  replaced  by  a  form  resembling  a  tornado  cloud, 
and  at  9^  55"'3  two  of  these  vortices  appeared. 

Considering,  now,  the  third  feature,  we  find  that  on  the  first 
plate  it  resembled  a  chimney  from  which  smoke  is  issuing,  and 
this  .smoke  appears  to  be  driven  to  the  left  or  north  by  some  lateral 
current.  For  several  hours  the  base  of  the  chimney  became  more 
and  more  massive  and  the  \(jhmie  of  smoke  increased  up  to  3'' 
i2'"5,  then  decreased  raj)i(lly,  but  enough  remained  to  indicate 
throughout  the  day  the  existence  of  an  uj)per  current  from  the 
south.     That  this  is  merely  an  upper  current  is  shown  by  the  pho- 
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tographs  of  Plate  X\'.  in  which  the  forms  of  intermediate  height, 
that  is,  up  to  about  60.000  km.  arc  streaming  in  the  opposite 
direction. 

On  the  next  day.  the  upper  current  was  reversed.  At  2''  3™3, 
June  20.  the  prominence  resembled  two  volcanoes  in  eruption. 
The  smaller  one  quickly  disappeared,  and  by  4''  58?!,  the  larger 
one  had  nearly  vanished.  This  larger  volcano-like  form,  extend- 
ing from  latitude  41°  to  latitude  44°,  was  the  chief  source  of  activity 
on  this  date,  but  sporadic  eruptions  appeared  for  some  distance 
on  either  side  of  it.  Note,  for  example,  the  eruption  on  the  right 
of  the  photograph  taken  at  3''  9^5  (Plate  XVII).  The  arch  in  this 
figure  is  almost  a  perfect  semicircle,  25,000  km  in  diameter,  nearly 
twice  the  diameter  of  the  earth.  No  trace  of  it  appears  on  the  plate 
taken  eleven  minutes  earlier,  and,  on  a  plate  exposed  2.6  minutes 
later,  only  the  remnants  of  it  are  visible. 

After  passing  through  many  transformations,  the  prominence 
finally  became  dissipated  and  floated  away  upward.  This  method 
of  dissolution  is  characteristic  of  by  far  the  greater  number  of  the 
solar  prominences  whose  last  stages  I  have  observed. 

Yerkes  Observatory 
April  17,  1912 


THE  PRESSURE  DISPLACE]\IENT  OF  SPECTRAL  LINES 

By  T.  H.  HAVELOCK 

The  object  of  the  following  note  is  to  suggest  a  comparison 
between  observed  pressure  effects  in  emission  spectra  and  a  dis- 
placement of  absorption  lines  which  can  be  deduced  theoretically 
from  a  certain  type  of  dispersion  formula.  This  is  introduced  by 
a  preliminary  discussion  of  existing  theories,  which  deal  A\4th  the 
direct  effect  upon  emission.  Although  the  calculations  necessarily 
refer  to  ideally  simple  cases,  they  may  be  tested  by  seeing  if  they 
give  effects  of  the  right  order  of  magnitude  and  if  they  are  in 
general  agreement  with  experimental  results. 

CRITIC.-VL   STUDY   OF   CERTAIN   THEORIES 

I.  Humphreys'  ascribes  the  effect  to  the  mutual  interaction  of 
atomic  magnetic  fields  and  thus  makes  the  pressure-shift  comparable 
with  the  Zeeman  effect.  In  estimating  the  order  of  magnitude, 
Humphreys  considers  iron  atoms  in  the  electric  arc  at  atmospheric 
pressure,  using  among  other  data:  radius  of  atom,  lo"^  cm; 
average  distance  between  centers  of  atoms,  6-  io~^  cm.  Thus  the 
calculation  assumes  the  vapor-density  to  be  that  of  a  perfect  gas 
at  a  pressure  of  one  atmosphere  and  at  2730°  absolute,  having 
4.10'^  atoms  per  cubic  centimeter.  In  order  to  obtain  a 
displacement  of  a  line  of  the  right  amount,  it  is  necessary  for  the 
atomic  magnetic  fields  to  be  enormously  high,  and  this  involves  the 
assumption  of  a  very  large  number  of  electrons  revolving  in  circular 
orbits  within  the  atom.  The  calculation  has  been  criticized  by 
Richardson,^  who  shows  that  with  a  more  reasonable  estimate  of 
the  number  of  revolving  electrons  the  atomic  magnetic  fields 
are  such  that  their  mutual  influence  is  entirely  negligible;  the 
present  writer  agrees  with  this  conclusion.  The  comparison  of 
experimental    results    for    the    Zeeman    effect   and    the   pressure- 

'  Aslrophysical  Journal,  23,  233,  1906. 

*  Philosophical  Magazine,  14,  557,  1907.  Sec  also  Sanford,  Aslrophysical  Journal, 
35.  '.  iQ'2. 
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shift  is  discussed  later.  We  nia\-  note  here  that  the  above  calcu- 
lation appears  to  make  the  pressure  displacement  depend  upon 
the  density  of  the  emitting  metallic  vapor,  this  in  turn  correspond- 
ing to  the  total  pressure.  For  if  a  is  the  average  distance  between 
atoms,  the  magnetic  field  due  to  a  neighboring  atom  is  approxi- 
mately proportional  to  a~^;  but  a~^  is  proportional  to  the  number, 
iV,  of  atoms  per  unit  volume,  and  so  the  effect  is  a  linear  function 
of  the  pressure.  It  should  be  added  that  in  later  papers,  Hum- 
phreys considers  the  change  of  period  of  a  metallic  atom  in  the 
arc  to  be  due  to  the  magnetic  fields  of  the  atoms  of  the  gas  in  which 
the  arc  is  burning.  There  appears  to  be  no  direct  evidence  that 
the  efTect  depends  upon  magnetic  properties,  and  in  any  case  we 
decide  that  these  are  insufficient  to  give  effects  of  the  right  magni- 
tude. 

2.  We  consider  now  some  calculations  which  invoke  the  mutual 
influence  of  the  electric  fields  of  neighboring  atoms.  It  was  sug- 
gested by  Fitzgerald  that  the  change  in  the  specific  inductive 
capacity  A'  of  the  surrounding  gas  due  to  change  of  pressure 
might  account  for  the  variation  of  the  period  of  a  vibrating  atom 
in  the  arc.  We  may  in  fact  assume  the  period  of  the  vibrator  to 
be  proportional  to  the  square  root  of  A'.  In  some  estimates  from 
this  point  of  view,  for  instance  by  Humphreys,'  the  resulting 
displacement  comes  out  many  times  too  large;  but  the  cause  of 
this  lies  in  treating  the  surrounding  gas  as  a  continuous  medium 
extending  right  up  to  the  particular  vibrator  in  question.  This 
error  appears  to  be  at  the  root  of  various  statements  that  the 
pressure-shift  cannot  be  due  to  the  mutual  influence  of  atomic 
electric  fields,  because  calculations  based  thereon  give  far  too 
large  a  result. 

Larmor.^  on  the  other  hand,  takes  into  account  the  molecular 
constitution  of  the  gas.  Considering  the  period  of  a  spherical 
vibrator  of  radius  a,  which  behaves  like  a  simple  Hertzian  doublet, 
Larmor  replaces  the  surrounding  gas  by  a  uniform  medium,  of 
inductive  capacity  A',  extending  up  to  a  distance  ka  from  the 
center  of  the  vibrator;  thus  the  latter  is  at  the  center  of  a  spherical 

'  Astrophysical  Journal,  26,  30,  1907. 
'Ibid.,  120,  1907. 
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cavity  in  a  continuous  medium.  For  the  displacement  dX  of  a 
vibration  of  wave-length  /,  due  to  an  increase  of  pressure  of  one 
atmosphere,  the  calculation  gives  an  approximate  formula 

JA_  I      A'— I  ,  . 

X~2p       K  ^^^ 

Taking  A'  as  1.0006  for  air  at  a  pressure  of  one  atmosphere,  and 
assuming  io~^  as  an  average  observed  value  of  JA/A,  this  gives 
k  equal  to  about  7.  Larmor  concludes  that  although  the  data 
for  molecular  magnitudes  are  of  course  vague,  they  appear  to 
justify  the  statement  that  the  dielectric  influence  of  the  neigh- 
boring molecules  is  a  vera  causa  of  the  right  order  of  magnitude. 

This  conclusion  may  be  criticized  on  the  following  grounds. 
The  above  value  of  A'  is  that  for  air  at  a  temperature  of  273° 
absolute.  Although  the  temperature  conditions  of  the  arc  are 
uncertain,  it  seems  more  reasonable  to  put  the  temperature  of  the 
immediate  atmosphere  of  gas  at  some  conventional  value  like 
2730°  absolute,  as  in  the  calculation  in  the  previous  section.  At 
this  temperature.  A— i  must  be  taken  as  6-  io~^  one-tenth  of  the 
value  above.  The  formula  (i)  now  gives  k  equal  to  3.  But  the 
molecules  at  this  temperature  are  spaced  roughly  at  60  times 
the  molecular  radius;  so  that  the  value  of  k  necessary  for  the 
right  result  seems  inadmissible.  We  conclude  that  the  dielectric 
influence  of  the  neighboring  molecules  of  the  surrounding  gas 
leads  to  a  displacement  many  times  too  small. 

Further,  the  formula  (i)  applies  primarily  no  doubt  to  a  simple 
illustration,  but  it  indicates  certain  relations.  For  instance,  the 
displacement  should  vary  with  the  value  of  A'— i  for  the  gas; 
but  this  has  not  been  confirmed  by  experiment.  In  addition, 
k~^  is  roughly  proportional  to  density,  and  we  have  made  A— i 
also  proportional  to  density  in  the  above  calculation.  It  follows 
that  the  displacement  should  vary  as  the  square  of  the  pressure; 
but  the  relation  obtained  experimentally  is  a  linear  one. 

3.  Another  calculation  on  the  same  general  lines  is  that  of 
Richardson  (loc.  cit.).  The  argument  is  that,  if  a  metallic  atom 
A  is  emitting  radiation,  its  frequency  is  affected  by  the  synij)athetic 
electric-  vibrations  induced  in  the  atoms  H  of  the  surrounding  gas. 
Richardson   obtains  greater   detail    in    his   forinula    by   definitely 


PRESS LKE  DISriALEMEM   UF  SPECTRAL  USES         307 

assuniinu  the  vibrators  to  be  electronic  charges,  as  in  ordinary 
optical  theory;   the  result  is 

where  /*  is  the  refractive  index  of  the  surrounding  gas.  The 
quantity  a  is  taken  as  the  radius  of  the  sphere  within  which  it  is 
impossible  for  the  center  of  an  atom  of  class  B  to  lie;  the  value 
of  a  is  supposed  to  He  within  the  limits  a  and  2a,  where  a  is  the 
atomic  radius.  Taking  a  mean  value  1.5-  io~^  cm  for  a,  Richard- 
son calculates  the  order  of  magnitude  for  a  line  of  wave-length 
410"^  cm.  The  surrounding  gas  is  taken  to  be  air  at  2730^ 
absolute,  for  which  H-^—i  is  5.9- io~^  With  the  usual  values 
of  c,  w,  and  c,  the  formula  (2)  gives  per  unit  atmosphere  a  propor- 
tional displacement  JA/A  equal  to  9-10"^;  that  is,  the  result  is 
about  100  times  an  average  observed  result  such  as  we  have  used 
in  the  previous  sections. 

The  error  appears  to  be  one  to  which  reference  has  already 
been  made.  The  efifect  of  atoms  of  class  B  is  obtained  as  an  integral 
with  a  as  its  lower  limit,  and  with  the  value  of  a  chosen,  the  sur- 
rounding gas  is  made  equivalent  to  a  continuous  medium  extending 
right  up  to  the  vibrating  atom  A;  but  this  is  not  permissible. 
If  for  a  moment  we  replace  a  by  ka  as  in  Larmor's  calculation  and 
tind  k  from  (2)  so  as  to  give  the  right  order  of  magnitude  for  d^, 
we  tind  k  equal  to  7;  this  seems  too  small,  considering  the  condi- 
tion of  the  gas  with  its  atoms  spaced  roughly  at  50  or  60  times 
the  atomic  radius.  Further,  if  we  have  to  make  a  variable  with 
the  density  in  this  way,  we  encounter  again  the  difficulty  that  the 
formula  would  make  the  displacement  proportional  to  the  square 
of  the  pressure,  instead  of  the  first  power.  Also  as  before,  the 
factor  fi^—i  does  not  accord  with  experimental  results. 

4.  We  notice  that  in  Richardson's  theory,  as  in  Larmor's,  the 
calculations  refer  entirely  to  the  dielectric  influence  of  the  surround- 
ing gas,  and  we  conclude  that  this  gives  a  displacement  which  is 
many  times  too  small.  The  calculations  ignore  the  mutual  electric 
influence  of  neighboring  atoms  of  the  metallic  vapor,  that  is,  of 
atoms  having  the  same  free  periods.  Richardson,  in  fact,  expressly 
rules  out  of  consideration  the  effect  of  an  increase  in  the  partial 
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pressure  of  the  metallic  vapor,  stating  that  this  produces  in  general 
only  a  broadening  of  the  lines  without  displacement.  This  may 
or  may  not  be  the  case,  but  it  does  not  follow  from  the  theoretical 
considerations;  for  these  might  be  made  to  apply  to  a  radiating 
atom  surrounded  by  similar  atoms,  with  a  resulting  displacement 
many  times  larger  owing  to  resonance  effects.  In  fact  the  influence 
of  similar  atoms  could  be  ignored  only  if  the  vapor-density  were 
very  small  compared  with  that  of  an  ideal  gas  under  similar  con- 
ditions. This  point  of  view  has  been  stated  by  Schuster;'  after 
giving  an  account  of  Larmor's  theory,  he  writes:  "The  question 
is  complicated  by  the  fact  that  in  the  cases  which  have  been 
observed,  the  greater  portion  of  the  metallic  vapor  vibrates  in  an 
atmosphere  of  similar  molecules."  A'  of  formula  (i)  is  then 
replaced  by  ^t^  where  a*  is  the  refractive  index  of  the  vapor.  One 
plan  is  to  put  a^^  infinite  for  a  free  period;  this  gives  dX/X  equal 
to  \k~^,  and  with  k  equal  to  lo,  the  displacement  comes  out  about 
500  times  too  large.  Schuster  remarks  that  this  method  gives 
no  exact  information  about  the  displacement  of  the  position  of 
maximum  intensity.  In  addition,  it  is  unsatisfactory  in  that 
Larmor's  formula  assumed  A'  to  be  not  much  different  from  unity. 
However,  it  may  be  noticed  that  with  k  equal  to  80  we  get  an  effect 
of  the  right  order;  this  supports  the  contention  that  the  effect  of 
neighboring  similar  atoms  can  be  ignored  in  this  connection  only 
if  the  vapor-density  is  very  small. 

If  we  attempt  to  make  a  more  complete  theory  on  these  lines, 
we  meet  all  the  difficulties  of  the  emission  of  an  aggregate  of 
molecules.  The  previous  theories  consider  the  radiation  of  a 
single  particle,  but  what  is  required  is  the  period  for  maximum 
intensity  of  emission  of  a  collection  of  similar  vibrators.  One 
knows  that  similar  diflkulties  have  arisen  in  the  theory  of  the  direct 
Zeeman  effect,  with  the  result  that  writers  ha\c  turned  to  the  inverse 
effect;  it  has  been  found  easier  to  obtain  more  detail  from  the  con- 
sideration of  absorption  spectra,  chiefly  because  one  can  work  from 
known  theories  of  dispersion.  A  similar  step  is  suggested  now  in 
the  theory  of  the  pressure  disi)lacement  of  spectral  lines. ^ 

'  Encyclopaedia  Briltauica,  elcvcnlh  rdilion,  25,  628. 

'  See  also  Proceedings  of  the  Royal  Society,  A,  84,  517,  1911. 


PRESSl'RF.  n[SPr..\CE]rF.\T  OF  SPFCTRAL  FIXES         309 
THE    DISPLACEMENT   OF   ABSORPTION   MAXIMA 

5.  If  n  is  the  refractive  index  of  a  liomogeneous  medium  for 
waves  of  fre(|uency  P/ 21^,  we  have  a  cHsj)ersion  formula 

n^-i_yjr_m  () 

We  shall  find  it  convenient  to  use  the  ordinary  interpretation  of 
the  constants.  There  arc  .V  vibrators  per  unit  volume,  of  mass  ;;/. 
carrying  a  charge  c,  and  having  a  natural  frequency  pi;  the  summa- 
tion extends  over  all  the  types  of  vibrators.  This  formula  includes 
the  etTect  of  the  electric  polarization  of  neighboring  particles  when 
estimating  the  electric  force  acting  on  a  vibrator;  in  the  present 
connection  it  may  be  as  well  to  repeat  briefly  the  argument. 

Let  (/  be  the  displacement  at  any  time  of  a  typical  particle 
vibrating  about  a  position  of  equilibrium.  Let  E  be  the  electric 
intensity  and  P  the  total  polarization  of  the  medium.     The  particle 

47r 
is  supposed  to  be  acted  on  by  a  field  £+ — P,  as  if  it  w^ere  in  a 

spherical  cavity  in  a  medium  uniformly  polarized  at  each  instant 
to  the  value  P;  among  other  conditions  necessary,  it  must  be 
possible  to  surround  each  point  by  a  sphere  which  contains  a 
large  number  of  particles  but  w^hose  radius  is  small  compared 
with  the  wave-length  of  the  radiation.  The  equation  of  motion 
of  the  particle  is 

mJ^=-mp^d+c[E+^>^  (4) 

Hence  for  radiation  of  frequency  p, 

P^-p\        3     / 

But  the  total  polarization  P  is  ^Xcd,  taken  over  all  tyi)es  of 
vibrator.  Combining  these  results  with  the  fact  that  P  equals 
(«^—  i)£/47r,  the  dispersion  formula  (3)  is  deduced.  We  may  write 
the  formula  as 

n'-\-2     n''-\-2     p,'-p'  ^^^ 
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In  the  term  in  ;/'  are  included  all  the  terms  of  the  summation 
except  that  in  p^.  We  may  call  n'  the  refractive  index  of  the 
medium  if  all  the  vibrators  of  natural  frequency  pi  were  destroyed 
without  disturbing  the  rest  of  the  medium.  In  most  cases  the 
maximum  absorption  caused  by  this  type  of  vibrator  occurs  very 
near  to  />i,  so  we  may  treat  n'  as  constant  in  the  following  argu- 
ment. The  frequency  p/  for  maximum  absorption  is  found  to  a 
first  approximation  by  making  n  infinite  in  (5);  we  obtain 

pi'  =  p,' -^  •  — iV-  6) 

3  3     w 

It  appears  that  the  squares  of  the  frequencies  pi  and  pi  differ  by  a 
quantity  proportional  to  the  effective  density  of  vibrators  of  the 
particular  type.  In  general  the  displacement  due  to  the  last 
term  in  (6)  is  very  small  relatively ;  in  terms  of  wave-length  we  have 

dXi_n''-\-2       Ne^  ,  . 

V  ~     3      *  67r^mc^  ^"^^ 

where  the  displacement  (/Ai,  equal  to  ^/  —  ^i,  is  measured  from  the 
wave-length  corresponding  to  the  natural  vibrations  of  an  isolated 
particle.  The  formula  follows  naturally  from  the  dispersion 
formula;  it  remains  to  be  seen  how  it  agrees  with  observed  pres- 
sure effects. 

6.  In  the  first  place,  we  can  simplify  the  formula  by  noticing 
that  the  factor  ^(«'^-f  2)  is  very  nearly  equal  to  unity  for  gaseous 
media.  In  particular,  this  factor  may  be  taken  to  represent  the 
influence  of  the  surrounding  gas.  For  if  we  have  N  vibrators  of 
frequency  pi  per  unit  volume  uniformly  disposed  in  two  different 
media,  the  displacements  will  be  in  the  ratio  of  the  values  of  f  (w'+2) 
for  the  two  media. 

In  the  theories  discussed  in  the  previous  sections,  the  surround- 
ing gas  suj)i)lies  a  factor  n^—i.  If  this  were  the  case  the  effect 
should  be  obser\'able;  for  instance,  for  an  arc  under  ])ressure  in 
air  and  in  carbon  dioxide,  the  displacements  should  be  in  the 
ratio  of  2  to  3.  Rossi'  concludes  from  his  experiments  that  in 
this  case  the  displacements  are  the  same  within  the  limits  of 
experimental  error.     This  result  would  be  expected  from  formula 

'  Philosophical  Magazine,  21,  499,  191 1. 
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(7);  for  an  estimiitc.  wc  may  assume  ;/'  to  be  the  refractive  index 
of  the  gas  at  50  atmospheres  and  from  (7)  the  ratio  of  the  dis- 
placements in  air  and  carbon  dioxide  is  i  to  1.005,  other  things 
being  equal.  We  conclude  that  the  efTect  due  to  change  of  refract- 
ive index  of  the  surrounding  gas  is  inappreciable.  The  deter- 
mining factor  according  to  the  present  argument  is  the  density 
.V  of  similar  vibrators,  and  it  is  conceivable  that  the  surrounding 
gas  might  have  some  direct  efTect  on  the  value  of  X. 

7.  We  simplify  the  formula  by  putting  unity  for  «'.  so  that 

X3     67rc^m  ^  ' 

We  have  no  direct  evidence  as  to  the  value  of  .V,  so  we  cannot 
prove  directly  that  (8)  gives  a  displacement  of  the  right  order  of 
magnitude.  But  by  using  an  observed  value  of  dX  we  can  cal- 
culate -V  and  see  if  it  is  a  reasonable  amount.  We  take  the  data, 
from  recent  experiments  by  Gale  and  Adams.' 

For  a  group  of  iron  lines  of  average  wave-length  4287  A,  the 
displacement  dk  per  atmosphere  is  0.00274  A.  We  express  these 
in  centimeters  and  put  in  the  formula;  we  also  substitute  the 
usual  values  of  the  electronic  charge  and  mass.  In  this  way  we 
obtain  from  this  example 

A'=2.3Xio'6  (9) 

If  the  vapor  were  an  ideal  gas  at  2730°  absolute,  a  pressure  of  one 
atmosphere  would  correspond  to  a  value  of  about  4X10'*  for  N. 
But  the  temperature  and  other  conditions  in  the  arc  are  too  uncer- 
tain to  allow  of  an  estimate  of  the  vapor-density;  in  addition, 
as  in  similar  investigations,  it  is  probable  that  only  a  certain 
fraction  of  the  metallic  atoms  is  concerned  in  the  production  of 
a  given  line  in  the  spectrum.  We  conclude  that  the  values  of 
-V  deduced  from  (8)  are  not  unreasonable;  at  least  they  do  not 
prohibit  further  consideration  of  the  application  of  the  formula  to 
pressure  effects. 

8.  The  displacement  of  any  line  depends  upon  the  effective 
density  of  similar  vibrators;  this  is  no  doubt  proportional  to  the 
vapor-density,  but  it  probably  varies  from  one  line  to  another, 

^  Aslrophysical  Journal,  35,  10,  191 2. 
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as  may  be  inferred  from  the  values  of  the  corresponding  coefficients 
in  dispersion  formulae.  Therefore  one  cannot  expect,  from  (8), 
any  general  law  of  variation  of  displacement  with  wave-length; 
but  other  things  being  equal,  it  indicates  proportionality  to  the 
cube  of  the  wave-length.  This  relation  has  been  extracted  from 
experimental  results  by  Duffield  in  the  case  of  gold,  and  for  iron 
by  Gale  and  Adams.  The  process  consists  in  taking  averages  for 
large  numbers  of  lines  in  groups;  one  may  suppose  that,  if  there 
is  no  definite  relation  between  N  and  A,  this  process  gets  rid  of  the 
chance  variations  of  X  and  exhibits  the  displacement  varying  as 
/^  On  the  other  hand,  for  connected  lines  for  which  .V  is  a  function 
of  /.  the  displacement  will  follow  some  other  law.  In  certain 
cases  the  various  lines  can  be  separated  roughly  into  groups  for 
which  the  values  of  (displacement)/ (wave-length)^  are  nearly  in 
simple  ratios  such  as  i  :  2  :  3.  In  terms  of  the  formula  (8),  one 
might  suppose  that  X  is  of  the  same  order  of  magnitude  for  all 
the  lines  and  then  the  simple  ratios  would  be  associated  with  the 
values  of  cm  for  the  vibrators. 

9.  It  is  of  interest  to  compare  this  with  a  simple  theory  of  the 
Zeeman  effect.  If  H  is  the  external  magnetic  field,  it  can  be 
shown  that   the  displacement,  in  frequency,  is  cH/^Trm;    or  in 

wave-lengths 

dk      eH  ,     V 

h?     j^TTtnc 

In  this  case  the  number  of  similar  vibrators  is  not  brought  into 
consideration,  since  the  action  is  regarded  as  a  direct  effect 
of  the  external  field  upon  each  vibrator.  The  formula  is  simpler, 
and  it  has  been  found  easier  to  analyze  results  by  means  of  it, 
than  for  the  pressure  effect.  Exj)C'rimentaI  results  have  been 
compared  carefull\-  in  (jrdcr  to  discover  any  possible  connection 
between  the  Zeeman  .separation  and  the  pressure  displacement, 
but  with  little  result;  the  most  that  can  be  said  in  certain  cases 
is  that,  taking  the  means  of  separation  and  displacement  for  large 
numbers  of  lines  in  the  same  region  of  the  spectrum,  it  is  found 
that  these  means  are  of  the  same  order  of  magnitude  ulu-n  they 
are  classified  broadly  as  small,  medium,  and  large.' 

'  A.  S.  King,  Astro  physical  Journal,  31,  433,  1910;  also  ibid.,  34,  250,  191 1. 
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From  the  present  point  of  view  no  connection  is  to  be  expected 
in  general;  for  the  fornuihi  for  the  pressure  effect  makes  d^/X^ 
proportioniil  to  AV/w.  and  A'  varies  in  an  unknown  manner  with 
the  wave-length.  If  the  ccmditions  are  such  that  A'  is  of  the  same 
order  for  groups  of  lines,  one  might  expect  then  some  correspondence 
between  the  values  of  JA/A^  for  the  Zeeman  effect  and  d^/X^ 
for  the  pressure  effect.  In  other  words,  any  correspondence  that 
may  be  extracted  from  experimental  results  is  sutTiciently  accounted 
for  by  the  fact  that  both  effects  are  due  to  a  slight  disturbance  of 
the  same  vibrating  system;  it  is  not  necessary  to  suppose  that  the 
disturbances  are  produced  in  the  same  way. 

10.  A  conspicuous  effect  of  pressure  is  a  broadening  of  the  lines. 
To  discuss  this,  we  should  have  to  introduce  absorption  terms  into 
the  dispersion  formulae.  The  simplest  suppositions  give,  instead 
of  (3), 


«^(l  — «^)=  l-\-4TrX 


m     (p\'-p'y^b,'p' 


(11) 


m     ipi^-p'Y+h^p' 

The  maximum  of  ««  occurs  at  a  frequency  slightly  different 
from  p\;  the  difference  involves  the  damping  coefficient  bi  and  is 
relatively  very  small  in  most  cases.  The  maximum  value  of  nic 
is  proportional  to  Ne^/mhip't.  Roughly  speaking,  a  greater  value 
of  hi  means  a  broader  and  weaker  line;  while  an  increase  in  N 
both  strengthens  and  broadens  the  absorption.  One  might  try 
to  connect  the  displacement  of  a  line  with  its  intensity,  but  for 
the  occurrence  of  the  factor  b^;  whatever  be  the  physical  mechanism 
of  absorption,  6,  probably  varies  from  line  to  line  and  also  with  the 
physical  conditions.  Also,  experimentally  one  has  only  estimates 
of  relative  intensities  at  atmospheric  pressure  and  it  is  known  that 
these  vary  with  the  pressure.  A  further  complication  is  the  occur- 
rence of  reversals  under  experimental  conditions;  so  on  the  whole 
it  is  useless  to  follow  this  line  farther  at  present. 

Some  w'riters  have  argued  that  the  pressure  effect  cannot  be  due 
to  increased  vapor-density,  or  the  proximity  of  similar  molecules, 
because  it  is  knowTi  that  mere  increase  of  emitting  vapor  in  the 
arc  intensifies  and  broadens  lines  without  j)roducing  any  observed 
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displacement  of  the  maximum.  If  this  is  the  case,  it  may  be  due 
to  an  increase  in  the  number  of  radiators  without  any  considerable 
change  in  the  physical  conditions  of  the  aggregate;  just  as  in  an 
absorption  spectrum  an  increased  thickness  of  the  absorbing 
medium  broadens  and  intensifies  each  region  of  absorption  with- 
out appreciably  displacing  the  maximum.  Or  again,  it  may  be 
due  to  a  change  in  the  absorption  represented  by  a  change  in  the 
damping  coefficient  hi. 

II.  The  arguments  which  have  been  put  forward  may  be 
summarized  briefly. 

Certain  theories  of  the  pressure  effect  are  discussed,  and  it 
is  concluded  that  they  all  lead  to  a  displacement  which  is  many 
times  too  small;  these  theories  ascribe  the  effect  to  the  magnetic 
influence  of  neighboring  atoms  of  the  metallic  vapor  or  of  the 
surrounding  gas,  or  to  the  dielectric  influence  of  the  surrounding 
gas. 

It  is  suggested  that  an  effect  of  the  right  order  may  be  obtained 
from  the  electric  influence  of  neighboring  similar  atoms  of  the 
metalhc  vapor.  The  formula  rehes  on  a  known  deduction  from 
a  dispersion  formula  and  it  applies  primarily  to  absorption  lines. 
Considerations  are  advanced  to  show  that  the  formula  bears 
comparison  in  general  with  experimental  results. 

Armstrong  College 

Newcastle-on-Tyne 

March  21,  191 2 


ON  THE  DETKRMIXATIOX  OF  THE  ORBITAL   ELE- 
MENTS OF  ECLIPSING  VARIABLE  STARS.     I 

Hy  HKXRV  XORRIS  RUSSELL 

§  I.  Sliilemcnl  of  the  problem. — Bauschingcr,  in  his  exhaustive 
work  on  the  determination  of  orbits,  remarks  concerning  the 
problem  of  determining  the  elements  of  the  orbit  and  the  dimen- 
sions and  brightness  of  the  component  stars  of  an  eclipsing  variable 
from  the  observed  Hght-curve:'  "Dcr  Zusammenhang  zwischen 
den  Grossen-,  Formen-  und  HeUigkeitsverhaltnissen  der  Korper 
und  den  Elementen  der  eUiptischen  Bahn  einerseits  und  der 
Lichtkurve  anderseits  ist  aber  ein  so  komphzierter,  dass  man 
eine  allgemeine  Theorie  wohl  kaum  aufstellen  kann,  sondem  die 
Losimg  von  Fall  zu  Fall  den  vorliegenden  Verhaltnissen  anpassen 
muss." 

It  is  the  purpose  of  the  present  discussion  to  show  under  what 
circumstances,  and  to  what  degree,  this  problem  may  be  regarded 
as  determinate  (in  view  of  the  limited  accuracy  of  photometric 
observations),  and  to  develop  formulae  and  tables  which  make  the 
solution  of  the  problem,  when  it  is  determinate,  a  simple  matter. 

In  the  most  general  case,  the  number  of  unknown  quantities  to 
be  determined  is  considerable.  The  relative  orbit  will  in  general 
be  eccentric,  and  the  two  components  of  the  system  unequal  in 
size  and  brightness.  They  may  present  the  appearance  of  disks 
not  uniformly  illuminated,  hut  darkened  toward  the  limb,  and 
may  also  be  elongated  toward  one  another  by  their  mutual  attrac- 
tion, and  brighter  on  the  side  receiving  the  radiation  of  the  com- 
panion than  on  that  remote  from  it. 

For  a  complete  specification  of  such  a  system  we  must  therefore 
know  at  least  13  quantities,  as  follows: 

Orbital  Elements  Eclipse  Elements 

Semi-major  axis a      Radius  of  larger  star r, 

Eccentricity e       Radius  of  smaller  star ri 

Longitude  of  periastron w       Light  of  larger  star Z,, 

■  Die  Bahnbestimmung  der  Ilimmilskiirper  (Leipzig,  1906),  p.  649. 
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Orbital  Elements  Eclipse  Elements 

Inclination /      Light  of  smaller  star La 

Period P      and  at  least  3 constants  definingthe 

Epoch  of  principal  conjunction.  .  .   to      amount  of  elongation,  of  darkening 

at  the  limb,  and  of  brightening  of 
one  star  by  the  radiation  of  the 
other. 

The  longitude  of  the  node  must  remain  unknown,  as  there  is  no 
hope  of  telescopic  separation  of  any  ecUpsing  pair. 

The  value  of  a  in  absolute  units  can  be  found  only  from  spec- 
troscopic data.  In  the  absence  of  these  it  is  desirable  to  take  a 
as  an  unknown  but  definite  unit  of  length,  and  express  all  other 
hnear  dimensions  in  terms  of  it.  Similarly,  the  absolute  values 
of  Li  and  Z,,  can  be  determined  only  if  the  parallax  of  the  system 
is  known.  But  in  all  cases  the  combined  Ught  of  the  pair,  Zi+Z.^, 
can  be  taken  as  the  unit  of  light  and  the  apparent  brightness  at 
any  time  expressed  in  terms  of  this.  This  leaves  the  problem  with 
eleven  unkno\\'n  quantities  to  be  determined  from  the  photometric 
measures.  Of  these,  the  period  is  invariably  known  with  a  degree 
of  accuracy  greatly  surpassing  that  attainable  for  any  of  the  other 
elements,  and  the  epoch  of  principal  minimum  can  be  determined, 
almost  independently  of  the  other  elements,  by  inspection  of  the 
light-curve.  Of  the  remaining  elements,  the  constants  expressing 
ellipticity  and  ''reflection"  may  be  derived  from  the  observed 
brightness  between  eclipses.'  These  effects  are  often  so  small  as 
to  be  detected  only  by  the  most  refined  observations.^  The 
question  of  darkening  toward  the  limb  may  well  be  set  aside  until 
the  problem  is  solved  for  the  case  of  stars  which  appear  as  uniformly 
illuminated  disks. 

This  leaves  us  with  six  unknowns.  Fortunately,  systems  of 
such  short  j)cri()d  as  the  majority  of  ecUpsing  variables  have 
usually  nearly  circular  orbits  (as  is  shown  both  by  spectroscopic 
data  and  by  the  position  of  the  secondary  minimum  j.  The  assump- 
tion of  a  circular  orbit  is  therefore  usually  a  good  approximation 
to  the  facts,  and  often  requires  no  subsequent  modification. 

'  E.  C.  Pifkcring,  I'rorcrdiiigs  of  Amrricait  Academy  of  Arts  and  Sciences,  16.  257, 
1880. 

'  R.  S.  Dunan,  Coulribulioits  from  the  Prhtceloit  U ftivcrsily  Obsenatory,  No.  i,  p.  37, 
191 1;  ].  iii{:\}h\ns,  Astrophysical  Journal,  ^2    200,  igio. 
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PART     I.    SOI.rriON     FOR    SPHERICAL     STARS     AND     CIRCULAR     ORBIT 

\\\'  will  liuTolorc  first  discuss  the  following  simplified  problem: 
Two  spherical  slurs,  appearing  as  uniformly  illioninated  disks, 
and  revolving  about  their  common  center  of  gravity  in  circular  orbits, 
mutually  eclipse  one  another.  It  is  required  to  find  the  relative 
dimensions  and  brightness  of  the  tico  stars,  and  the  i)ulination  of 
the  orbit,  from  the  observed  light-curve.  The  questions  arising  out 
of  orbital  eccentricity,  ellipticity,  "reflection,"  and  darkening 
toward  the  limb  will  be  discussed  later. 

§  2.  Notation.  Possible  cases. — In  this  simplified  problem  we 
may  assume  P  and  /q  as  already  known.  If  the  radius  of  the  rela- 
tive orbit  is  taken  as  the  unit  of  length,  and  the  combined  light 
of  the  two  stars  as  the  unit  of  light,  we  have  to  determine  four 
unknown  quantities.  Of  the  various  possible  sets  of  unknowns, 
we  vnW  select  the  following: 

Radius  of  the  larger  star fi 

Ratio  of  radii  of  the  two  stars k 

Light  of  the  larger  star L, 

Inclination  of  the  orbit i 

The  radius  of  the  smaller  star  is  then  r2=  kr^,  and  its  light,  L2=  i  —  L^. 
It  should  be  noticed  that,  with  the  above  definitions,  k  can  never 
exceed  unity,  but  L2  will  exceed  Lj  whenever  the  smaller  star  is 
the  brighter  (which  seems  to  be  the  fact  in  the  majority  of  observed 
cases). 

We  will  suppose  that  we  have  at  our  disposal  a  well-determined 
"light-curve,''  or  more  accurately,  magnitude-curve,  giving  the 
stellar  magnitude  m,  which  we  will  suppose  to  be  the  vertical 
co-ordinate,  as  a  function  of  the  time,  as  horizontal  co-ordinate. 
From  this  we  can  pass  at  once  to  the  intensity-curve,  giving  the 
actual  light-intensity  /  as  a  function  of  the  time,  by  means  of  the 
equation 

log /  =  o.4(wo  — m),  (i) 

where  ;;/„  is  the  magnitude  during  the  intervals  of  constant  light 
between  eclipses  (which  is  determined  with  relatively  great  weight 
by  the  observations  during  these  periods  and,  like  P,  may  be  found 
once  for  all  before  beginning  the  real  solution).  This  of  course 
expresses  /  in  terms  of  our  chosen  unit  /,,+/-,. 
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Such  a  magnitude-curve  or  intensity-curve  will  in  general 
show  two  depressions,  or  "minima,"  corresponding  to  the  mutual 
eclipses  of  the  two  components.  Under  the  assumed  conditions, 
it  is  well  kno\vn : 

1.  That  the  two  minima  will  be  symmetrical  about  their  middle 
points,  and  that  these  will  be  separated  by  exactly  half  the  period. 

2.  If  the  eclipse  is  total  or  annular,  there  will  be  a  constant 
phase  at  minimum  during  which  the  magnitude-  or  intensity-curve 
is  horizontal;  but  if  the  ecHpse  is  only  partial,  this  will  not  be  the 
case. 

3.  The  two  minima  \\\\\  be  of  equal  duration,  but  usually  of 
unequal  depth.  At  any  given  phase  during  one  minimum  one  of 
the  stars  will  eclipse  a  certain  area  of  the  apparent  disk  of  the 
other.  Exactly  half  a  period  later,  at  the  corresponding  phase 
during  the  other  minimum,  the  geometrical  relations  of  the  two 
projected  disks  will  be  the  same,  except  that  now  the  second  star 
is  in  front,  and  eclipses  an  equal  area — though  not  an  equal  pro- 
portion— of  the  disk  of  the  first.  The  intensity-curves  for  the 
two  minima  must  therefore  diflfer  from  one  another  only  as  regards 
their  vertical  scales,  which  will  be  in  the  ratio  of  the  surface  inten- 
sities of  the  two  stars. 

4.  The  deeper  (primar})  minimum  corresponds  to  the  eclipse 
of  the  star  which  has  the  greater  surface  intensity  by  the  other. 
Whether  this  is  the  larger  or  smaller  star  must  be  determined  by 
further  investigation. 

Suppose  that  at  any  lime  during  the  eclipse  of  the  .smaller  star 
by  the  larger  the  fraction  a  of  its  area  is  hidden.  The  light  received 
from  the  systejn  at  this  moment  will  be  gi\cn  by  the  equation 

U  =  i-aL,.  (2) 

Half  a  i)eriod  later,  an  equal  area  of  the  surface  of  the  larger  disk, 
and  hence  the  fraction  k'a  of  its  whole  area  will  be  eclipsed.  The 
observed  light  will  then  be 

h=i-k'aL,.  (3) 

Since  Lt-\-Li=  i,  we  find  at  once  from  these  equations 

(l-M+^'  =  a.  (4) 
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It  should  be  especially  noticed  that  the  subscript  i  in  these  equa- 
tions applies  to  the  eclipse  of  the  small  star  by  the  large  one,  and 
not  necessaril)  to  the  principal  minimum. 

We  may  now  distinguish  four  cases  of  our  i)roblem,  according 
to  the  form  of  the  light-curve,  and  the  extent  of  our  knowledge 
of  the  secondary  minimum. 

1.  Both  primary  and  secondary  minima  have  been  observed, 
and  show  a  constant  phase. 

2.  The  primary  minimum  shows  a  constant  phase,  and  the 
secondary  has  not  been  adequately  observed. 

3.  Both  minima  have  been  observed,  but  show  no  constant 
phase. 

4.  Only  the  primary  minimum,  showing  no  constant  phase, 
has  been  observed. 

In  the  first  case  the  eclipse  of  the  smaller  star  by  the  larger  is 
total,  and  the  other  annular.  In  both  cases  during  the  constant 
phase  the  whole  area  of  the  smaller  star  is  obscured;  that  is, 
a=  I.  If  then  Ai  and  A^  are  the  values  of  the  observed  intensity 
during  these  constant  phases,  we  have,  by  (4), 

*-^'-  (5) 

Moreover,  by  (2),  /i=  i  —  L^=Li.  The  brightness  of  the  two  stars 
and  the  ratio  of  their  radii,  are  thus  determined,  leaving  only 
r,  and  /  to  be  found. 

There  are,  however,  two  solutions  with  different  values  of  k 
according  as  we  regard  the  principal  or  secondary  minimum  as 
total.  We  shall  see  later  how  we  may  distinguish  the  correct 
solution  in  a  given  instance. 

In  the  second  case,  if  the  observed  minimum  intensity  is  A  and 
we  assume  that  the  observed  eclipse  is  total,  we  have  from  (2), 
Lj=i  —  A;  if  annular,  (3)  gives  k^Li=  \  —  X.  In  either  case,  for 
any  other  value  /  of  the  observed  intensity, 

We  thus  know  a  as  a  function  of  the  time,  and  from  this  have  to 
determine  k,  r,,  and  /. 
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In  the  third  case,  if  /i  and  X^  are  the  observed  intensities  at 
the  minimum  phases  of  the  two  eclipses,  and  a^  is  the  corresponding 
value  of  a.  we  have 

-o  =  i-K+~\  (7) 

Since  0^=  — rr— ',  we  may  take  it  as  an  unknown  instead  of  Zi  or  Z,^, 
Li 

We  then  have  to  find  the  four  quantities,  ri,  i,  k,  and  Qq  "^^'ith  the 

aid  of  the  intensity-curve  and  the  equation  (7). 

In  the  fourth  case  the  situation  is  the  same  except  that  the 
equation  (7)  is  not  available. 

§3.  Solution  when  the  eclipse  is  total.- — The  solutions  in  the 
other  cases  may  be  derived  from  that  in  Case  II,  which  will  now 
be  developed. 

Take  the  center  of  the  larger  star  as  origin,  and  let  6  be  the 
true  longitude  of  the  smaller  star  in  its  orbit,  measured  from  inferior 
conjunction.     Then 

Or=y(t-to).  (8) 

From  the  light-curve  and  (6)  we  can  find  the  value  of  a  for  any 
value  of  6,  or  \ice  versa.  Now  a,  which  is  the  fraction  of  the 
area  of  the  smaller  disk  which  is  eclipsed  at  any  time,  depends  on 
the  radii  of  the  two  disks,  and  the  apparent  distance  of  their  ' 
centers,  but  only  on  the  ratios  of  these  quantities  (being  unaffected 
by  increasing  all  three  in  the  same  proportion).  If  ^  is  the  apparent 
distance  of  centers,  we  have  therefore 


-/(r:.,i)=/^r,). 


where  /  is  a  function,  the  details  of  calculation  of  which  will  be 
discussed  later. 

For  any  given  value  of  k  we  may  invert  this  function,  and 
write 

-  =  <^(^,  «).  (9) 

r, 

This  function,  or  some  ecjuivaicnt  one,  may  be  tabuhitcd  once  for 
all  ior  suitable  intervals  of  k  and  a,  as  is  done  in  Table  I  below, 
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which  gives  a  function  p{k,  a)  such  that  (t>{k,  a)=  i-\-kp(k,  a). 
By  the  geometry  of  the  system,  we  have 

8^  =  sin'  ^-fcos*  /  cos'  ^  =  cos'  Z+sin'  i  sin'  6 ,  (10) 

whence 

cos'  /+sin'  /  sin'  6  =  r,^\<f>{k,  a)  p.  (11) 

Now  let  Oj.  Qj,  03  be  an\-  definite  values  of  a  and  ^1,  0^,  6^  the 
corresponding  values  of  6  (which  may  be  found  from  the  light- 
curve).  Subtracting  the  corresponding  equations  of  the  form 
(11)  in  pairs,  and  dividing  one  of  the  resulting  equations  by  the 
other,  we  find 

sin' ^.- sin' g.      \<i>{k,a,)\^-\ff>{k,a,)\' 

srn^e.-s\n^erm,a.)\^-m,a,)\='^^^^ ""  '^^  ^^3).       (12) 

The  first  member  of  this  equation  contains  only  known  quan- 
tities. The  second,  if  a,,  a^.  and  a^  are  predetermined,  is  a  function 
of  k  alone.  If  this  function  is  tabulated,  the  value  of  k  in  any 
given  case  can  be  found  by  interpolation,  or  graphically.  The 
equations  (11)  can  then  be  used  to  find  r^  and  i. 

A  theoretical  light-curve  may  then  be  found,  which  passes 
through  any  three  desired  points  on  each  branch  of  the  observed 
curve  (assumed  symmetrical).  These  points  may  be  chosen  at 
will  by  altering  the  values  of  a^,  a^,  and  a^.  In  practice  it  is  con- 
venient to  keep  a^  and  a^  fixed,  so  that  '^  becomes  a  function  of 
k  and  a^  only,  and  may  be  tabulated  for  suitable  intervals  in  these 
two  arguments.  This  has  been  done  in  Table  II,  in  which  a^  is 
taken  as  0.6  and  ^3  as  0.9.  If  yl  =  sin'  6^,  5  =  sin'  ^2— sin'  d^  (12) 
may  be  written 

s{x)}e,  =  A+B4'{k,a,).  (13) 

The  points  a  and  b  on  the  light-curve  corresponding  to  a^  and  a^, 
together  with  the  point  corresponding  to  any  one  of  the  tabular 
values  of  a,,  then  give  a  determination  of  k.  By  taking  a  suitably 
weighted  mean  of  these  values  of  k.  a  theoretical  light-curve  can 
be  obtained  which  passes  through  the  points  a  and  b,  and  as  close 
as  possible  to  the  others.  By  slight  changes  in  the  assumed  posi- 
tions of  a  and  b  (i.e.,  in  the  corresponding  values  of  ^,  or  of  t—to), 
it  is  possible  with  httle  labor  to  obtain  a  theoretical  curve  which 
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fits  the  whole  course  of  the  observed  curve  almost  as  well  as  one 
determined  by  least  squares.  The  criterion  of  this  is  that  the 
parts  of  the  observed  curve  below  b  (near  totality),  between  a 
and  b,  and  above  a  (near  the  beginning  or  end  of  eclipse)  shall 
give  the  same  mean  value  of  k.  The  indi\ddual  determinations 
of  k  are  of  very  dififerent  weight.  Between  a  and  b  (that  is  for 
values  of  a^  between  o .  6  and  o .  9)  -(/^  changes  very  slowly  wdth  k. 
At  the  beginning  aiid  end  of  the  eclipse  the  stellar  magnitude 
changes  very  slowly  with  the  time,  and  hence,  by  (13),  with  1/^. 
The  corresponding  parts  of  the  curve  are  therefore  ill  adapted  to 
determine  k.  For  the  first  approximation  it  is  well  to  give  the 
values  of  k  derived  from  values  of  a^  between  0.95  and  0.99,  and 
between  0.4  and  0.2,  double  weight  (proxided  the  corresponding 
parts  of  the  curve  are  well  fixed  by  observation).  The  time  of 
beginning  or  end  of  eclipse  cannot  be  read  with  even  approximate 
accuracy  from  the  observed  curve  and  should  not  be  used  at  all 
in  finding  k.  The  beginning  or  end  of  totality  may  sometimes  be 
determined  with  fair  precision,  but  does  not  deserve  as  much 
weight  as  the  neighboring  points  on  the  steep  part  of  the  curve. 
If  further  refinement  is  desired,  it  can  most  easily  be  obtained  by 
plotting  the  light-curve  for  two  values  of  k  and  comparing  with  a 
plot  of  the  observations.     This  will  rarely  be  necessary. 

When  once  k  is  given,  the  determination  of  the  light-curve 
is  a  very  easy  matter.  For  each  tabular  value  of  Oj,  equation  (13) 
gives  01,  and  hence  /,— /o-  The  values  of  the  stellar  magnitude  m 
corresponding  to  given  values  of  a^  are  already  available,  having 
been  used  in  the  previous  work.  The  light-curve  may  thus  be 
plotted  by  points  in  a  few  minutes. 

After  a  satisfactory  light-curve  has  been  computed,  we  may 
procecfl  to  determine  the  remaining  elements.  Let  0'  and  0"  be 
the  values  corresponding  to  the  beginning  of  eclipse  (ai  =  o)  and 
to  the  beginning  of  totality  (a,=  i).     Then  by  (13) 

sin'  6'  =  A+B^(k,  o)  and  sin^  6"  =  A-\-B*p{k,  i). 

These  comi)Uted  values  are  more  accurate  than  those  estimated 
from   the  free-hand  curv'c  drawn  to  represent  the  observations. 
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At  the  first  of  these  epochs  ^  =  ri-\-ri,  and  at  the  second  5  =  ri— r^. 
We  have  then,  by  (10) 

rt'ii-\-ky  =  cos'  /+sin^  /  sin^  d\ 
r,\i-ky  =  co&'  i+sin'  /sin, 6", 
whence 

4k  cot'  i=(i-ky  sin  O'-ii-^kY  sin'  6", 
4kr,'{i  +  coV  /)=sin'  6' -sin'  6". 

Introducing  ,1  and  B,  we  have 

4k  coV  i=-4kA-\-B\(i-kyilf(k,  o)-(i-i-kyij/(k,  i)\, 
4krt'  cosec'  i  =  B\il/{k,  o)-ip{k,  i)\. 

The  coefficients  are  functions  of  k  alone,  and  may  be  tabulated. 
It  is  most  convenient  for  this  purpose  to  put  the  equations  in  the 
form 

rx'  cosec'  i  =  -r-rrr ,  J 

)     (14) 

""'  '■  =  «*)-■'•  ) 

as  in  this  way  we  obtain  functions  whose  tabular  difTerences  are 
comparatively  smooth  (which  is  not  true  of  their  reciprocals). 
With  the  aid  of  these  functions  the  elements  may  be  found  as 

soon  as  A  and  B  are  known.     If  -j<4^2{k)  the  computed  value  of 

cot  i  is  imaginary  and  the  solution  is  physically  impossible.     It  is 

therefore  ad\'isable  to  apply  this  test  to  the  preHminary  values  of 

A,  B,  and  k,  and,  if  necessary,  to  adjust  them  so  that  the  solution 

is  real.     The  limiting  condition  is  evidently  cot  i=o,  corresponding 

to  central  transit. 

The  geometrical  elements  of  the  system  are  now  determined. 

We  are  still  in  doubt,  however,  whether  the  principal  eclipse  is 

total  or  annular.     This  can  be  determined  only  by  consideration 

of  the  secondary  minimum.     The  intensities  during  constant  phase 

at  the  two  minima  are  connected  by  the  relation  k^A^-\-A^=  i.     If 

the  intensity  at  principal  minimum  is  Ap,  that  at  the  secondary 

I  —  A* 
minimum  will  be  i  —  k^Ap  if  the  principal  eclipse  is  total,  and     .^ 
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if  it  is  annular.  The  first  of  these  expressions  is  always  positive 
and  less  than  unity.  The  second  exceeds  unity  if  i  —  Xp>k^.  The 
assumption  of  total  eclipse  at  principal  minimum  leads  therefore 
in  all  cases  to  a  physically  possible  solution.  That  of  an  annular 
eclipse  does  so  only  if  i  — A^  is  not  greater  than  k"".  Otherwise 
the  computed  brightness  of  the  smaller  star  is  negative.  The 
brightness  at  secondary  minimum  will  be  greater  than  at  the 
primary    by    i  — A^(i+^^)    if    the    primary  echpse  is   total,    and 

T^^i  — /^(i  +  jt'')(  if  it  is  annular.     The  latter  hypothesis  therefore 

gives  rise  to  the  shallower  minimum.  In  many  cases  it  may  be 
impossible  to  decide  between  the  two  without  actual  observations  of 
the  secondary  phase.  The  computed  depth  of  secondary  minimum 
may.  however,  be  so  great  that  it  is  practically  certain  that  it  would 
sometimes  have  been  observed  if  it  really  existed.  The  correspond- 
ing hypothesis  should  then  be  rejected.  If  /^(i  +  ^^)  is  nearly 
unitv,  the  primary  and  secondary  minimum,  on  both  hypotheses, 
must  be  of  nearly  equal  depth.  This  can  occur  only  if  )^p<\\ 
that  is,  if  the  depth  of  minimum  is  less  than  o.  75  mag.  In  such  a 
case  it  is  probable  that  the  period  is  really  twice  that  so  far  assumed, 
that  the  two  stars  are  of  equal  surface  brightness,  and  that  two 
sensibly  equal  eclipses  occur  during  each  revolution.  The  true 
values  of  d  are  therefore  half  those  previously  computed  with  the 
shorter  period.  If  the  determination  of  k  is  repeated  on  this 
basis,  and  the  equation  Xp{i-\-k^)=  i  is  still  approximately  satisfied 
this  solution  may  be  adopted. 

Such  a  system  presents  a  specialized  example  of  Case  I,  when 
both  primary  and  secondary  minima  have  been   observed   and 

show  a  constant  j)hase.     In  this  case,  by  (5),  k^  =  — . —  where  A, 

corresponds  to  the  total  eclipse,  which,  so  far  as  we  yet  know, 
may  occur  at  either  minimum.  As  before  we  begin  by  finding 
from  the  light-curve  the  values  of  sin*  6  corresponding  to  given 
values  of  «,.  IVoni  a  few  of  these,  by  the  method  already  described, 
an  aj)i)r()xinKite  \alue  of  k  may  be  obtained  which  is  sufhcient 
to  show  which  of  the  values  given  by  (5)  on  the  two  possible 
hypotheses  is  the  correct  one. 
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We  have  next  to  find  the  hght-curve  which  gives  the  best 
representation  of  the  observations  consistent  with  the  value  of  k 
given  by  (5).  The  form  of  the  light-curve  now  depends  only  on 
the  constants  A  and  B  in  the  equation 

sm'd,  =  A-\-Byp{k,a,).  (13) 

Approximate  values  of  these  constants  may  be  derived  as  above 
from  the  values  of  sin^  6  when  a  =  o.6  and  0.9.  These  may  be 
improved  by  trial  and  error,  which  will  be  aided  by  plotting  the 
resulting  light-curves  along  with  the  observations,  and.  if  the  data 
warrant  it,  may  finally  be  corrected  by  least  squares.'  When 
satisfactory  values  of  -1  and  B  have  been  determined,  the  final 
light-curve  may  be  computed  by  (13).  and  the  elements  by  (14), 
as  in  Case  II.  except  that  here  there  is  no  uncertainty  as  regards 
the  nature  of  the  principal  eclipse. 

In  review  of  the  foregoing,  it  may  be  remarked  that  the  method 
of  solution  is  direct  and  simple.  It  involves  a  very  moderate 
amount  of  numerical  work,  of  which  the  greater  part — namely,  the 
determination  of  the  values  of  the  magnitude,  time,  and  position 
in  orbit  {6)  corresponding  to  different  percentages  of  obscuration 
(a) — requires  no  modification  during  the  successive  approxima- 
tions.    The  light-curve  may  be  found  without  the  necessity  of 

'  The  equations  of  condition  are  of  the  form 

'^'"    .SA+Hk,a)jyi^SB  =  0.-C. 


(/(sin'  6)       '  '^ '  '    V(sin=  6) 

where  the  second  member  represents  the  difference  between  the  observed  and  com- 
puted magnitudes.    The  coefficients  may  easily  be  obtained  graphically.     By  plotting 

the  computed  magnitude  m  against  sin'  6,  the  values  of  -. — ; — —  may  be  read  off,  from 

a  (sm'  6) 

the  slope  of  the  tangent,  at  each  point  used  in  the  construction  of  the  curve.  The 
values  of  ^  and  of  t—tx,  corresponding  to  these  points  are  already  known,  and  hence  the 
coeflacients  of  the  equations  (of  condition)  may  be  plotted  as  functions  of  t—to,  and 
read  off  for  each  observation. 

A  similar  process  might  be  adopted  when  only  the  primary  minimum  has  been 
observed,  including  a  correction  to  k  among  the  unknowns.  The  equations  of  condi- 
tion would  then  be  of  the  form 


'^^(sA+Hk,a)SB+B/^Sk)  =0.-C. 


d(sin' 

This  would,  however,  be  worth  while  only  when  computation  showed  that  the  secondary 
minimum  must  be  so  shallow  as  to  be  practically  unobservable,  as  other^vise  elements 
derived  from  the  primary  minimum  alone  could  in  no  sense  be  regarded  as  definitive. 
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computing  the  elements,  and  with  two  or  three  trials  may  be 
determined  so  as  to  represent  the  whole  course  of  the  observa- 
tions, making  the  laborious  solution  by  least  squares  superfluous 
except  in  the  case  of  observations  of  unusual  precision.  Such  a 
solution  itself  is  much  simplified  if  the  constants  defining  the 
light-curve,  instead  of  the  elements  of  the  system,  are  treated  as 
the  fundamental  unknowns,  as  the  coefficients  of  the  equations  of 
condition  may  be  easily  found  graphically  w'ith  the  aid  of  data 
already  computed.  The  elements  may  be  found,  at  any  stage  of 
the  process,  by  a  few  moments'  calculation,  from  the  constants 
defining  the  light-curve. 

§  4.  Solution  when  the  eclipse  is  partial. — Passing  now  to  Cases 
III  and  IW  where  the  observed  curve  shows  no  constant  phase, 
and  the  eclipse  is  partial,  we  can  no  longer  use  the  previous  methods 
since  the  values  of  a,  corresponding  to  the  maximum  eclipse,  or  to 
any  other  phase,  are  unknown.  We  may,  however,  determine  the 
magnitude  corresponding  to  an  obscuration  of  any  given  fraction 
of  the  maximum  obscuration  ^o,  and  the  corresponding  values  of 
/  and  0. 

Let  n  represent  this  fraction.     We  then  have 

a  =  ;/ao,     and  I— /  =  «(i— A.).  (15) 

Let  d{n)  denote  the  corresponding  value  of  0.     Then  we  have  by 

(13) 

sin»  d{n)=A-{-B\li{k,  na^). 

The  value  w=i  corresponds  to  the  middle  of  eclipse  when  0=o. 

Hence 

A-\-B4>{k,a;)=o. 

Subtracting,  we  have 

sin^  e(n)=B\ip(k,  na,)-ip(k,  a,)\. 
Dividing  this  by  the  similar  equation  for  any  fixed  value  of  n 
(say  5),  we  eliminate  the  constants  of  the  individual  light-curve, 
and  find 

(where  the  above  equation  is  to  be  taken  as  the  definition  of  the 
new  function  x)-  The  first  member  contains  only  known  quan- 
tities.    The  second  is  a  function  of  k,  a^,  and  «,  which  may  be 
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tabulated  for  any  convenient  values.  We  might  then  expect  to 
solve  the  problem  by  constructing  two  or  more  such  tables  (e.g., 
for  n  =  \  and  «  =  f),  and  finding  for  what  values  of  k  and  a^  the 
two  functions  x(^.  a^,  \)  and  x;(^,  a^,  |)  had  the  values  assigned 
each  by  equation  (16). 

But  when  this  experiment  is  actually  tried  it  is  found  that  the 
functions  x  (regarded  as  a  function  of  k  and  a^  for  different  constant 
values  of  ;/)  are  all  so  nearly  functions  of  one  another  that  the 
solution  becomes  practically  indeterminate.  In  other  words,  if 
we  give  k  and  a^  any  pair  of  values  which  make  some  one  of  these 
functions,  say  xik^  "0.  i)  equal  to  a  given  value,  we  will  by  this 
very  process  constrain  all  the  other  functions  xi^,  ^0,  n)  to  be 
very  nearly  (though  not  exactly)  equal  to  certain  other  constant 
values  (depending  of  course  on  n). 

This  may  be  illustrated  by  the  following  examples  which  give, 
for  given  values  of  this  function,  pairs  of  corresponding  values  of 
k  and  flo.  ^nd  the  resulting  values  of  two  other  functions  of  the 
series. 


\{k,  a.,  i) 

* 

ao 

x(*.«..l) 

X(*.  oo.  0) 

2.20 

0.89 

I. 00 

0.32 

5^05 

I  .00 

0.91 

•32 

5.08 

2.00 

I  .00 

0.74 

0.37 

4.24 

0.90 

.84 

•37 

4.26 

.80 

.98 

•38 

4.26 

1.80 

I  .00 

0.4S 

0.42 

341 

0.90 

■52 

•43 

342 

' 

.80 

.60 

•43 

342 

.70 

■73 

•42 

3-45 

.62 

.90 

•43 

3-45 

.64 

1 .00 

•44 

3  46 

1.70 

I  .00 

0.22 

0-45 

3-03 

0.80 

.27 

.46 

3^oi 

.60 

.42 

■45 

3  ■04 

•50 

•55 

.46 

3-02 

.48 

.70 

.46 

3-02 

.48 

.90 

•45 

3-07 

•53 

1. 00 

.48 

3-II 

1.60 

0.00 

0.28 

0.48 

2^57 

.  10 

■  48 

.48 

2.58 

•  14 

.60 

•49 

2^57 

•23 

.80 

•49 

2.62 

•41 

1. 00 

•52 

2.72 
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The  time  of  beginning  of  eclipse  cannot  be  determined  from 
the  curve  \\\\.h  any  certainty,  and  hence  xi^^  <*o.  o)  is  valueless  for 
determining  k  and  a^.  It  is  clear  that  to  obtain  a  reliable  deter- 
mination of  them  in  this  wav,  it  would  be  necessarv  to  carrv  the 


function  x^^-  "o-  f )  and  the  ratios 


sin^^ff)  ,  u        ,     •      1 

.  ,  /]/^^  to  at  least  three  decimal 
sm'  c^Q) 

places;    that  is,  that  we  should  be  able  to  determine  the  interval 

during  which  the  star  is  apparently  below  a  given  magnitude  during 

eclipse   to   within   one   part   in   a    thousand.      This  is  obviously 

out  of  the  question.     We  may  therefore  conclude:    To  the  degree 

of  approxifnatiou  attained  by  any  existing  pJiototnetric  tneasures,  the 

problem  of  determining  the  elements  of  an  eclipsing  variable  solely 

from  the  light-cune  of  a  primary  minimum  -without  constant  phase 

is  indeterminate.     For  any  value  k  of  the  ratio  of  the  radii  of  the 

components,  comprised  within  wide  limits,  it  is  possible  to  find 

an  assumed  percentage  a^  of  maximum  eclipse,  and  hence  a  set  of 

elements,  such  that  the  interval  from  the  middle  of  eclipse,  at 

which  any  given  magnitude  is  reached,  as  calculated  from  any  of 

these  systems  of  elements,  will  be  the  same  within  a  fraction  of 

I  per  cent. 

For  practical  purposes,  therefore,  we  may  regard  the  functions 

X(k,  a^,  n)  as  functions  of  n  and  of  any  one  function  of  the  set, 

e.g.,  x(k.  «oi  i)-     By  a  happy  accident,  the  relation  between  any 

pair  of  them,  corresponding  to  different  fixed  values  of  n,  is  very 

nearly  linear,  as  is  illustrated  below. 


x(*. «..  i) 
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The  tabular  values  of  x(^^  ^o<  o)  and  xi^y  "o.  4)  are  the  means 
of  the  slightly  varying  values  (.such  as  are  given  in  the  preceding 
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table)  for  the  different  values  of  k  and  flo.  which  make  x(^.  "o.  i) 
equal  to  the  value  given  in  the  first  column.  The  columns  headed 
"Comp."  are  derived  from  the  equations: 

X(^,  oo,  o)=4.iox(^,  oo,  l)-3.94 
x(*,  "0,  f)=o.973-o.30ox(^,  a„,  I). 

These  formulae,  although  wholly  empirical,  represent  the  computed 
data  almost  within  the  errors  of  reckoning,  except  for  values  of 
X(^»  ^o>  4)  less  than  i  .60.  These  last  can  occur  only  for  values  of 
k  and  a^  so  small  that  they  are  very  unlikely  to  be  met  with  in 
practice,  so  that  the  linear  formulae  are  abundantly  sufficient  in 
all  ordinary  cases. 

Similar  linear  relations  are  fulfilled  with  an  equal  degree  of 
approximation  for  other  values  of  n — the  coefficients  being  func- 
tions of  this  quantity.     We  may  therefore  write  in  general 

X(^,  oo,  n)  =  w,(n)-\-io^{n)x{k,  a^,  I).  (17) 

The  three  functions  occurring  in  this  expression  have  been  com- 
puted and  tabulated,  and  may  be  considered  known.  But  by 
(16)  we  have 

sin^^(n)  =  sin^^(i)x(*,  ao,  «), 
whence 

sin^  6(n)  =  io,(n)  sin^  0(h)+^2{n)  sin^  6(1). 

If  we  set  sin^  0(\)  =  C,  sin^  O(^)  =  D,  this  becomes 

sin' Bin)  =Cw,(n)-{-Dw,(n).  (18) 

This  equation,  though  not  rigorously  exact,  must  be  very  nearly 
satisfied  in  the  case  of  all  light-curves  arising  from  partial  eclipses. 
Having  given  any  observed  light-curve,  the  values  of  C  and  D 
may  be  determined  in  the  manner  already  described  on  page  325, 
and  a  theoretical  light-curve  be  found,  which  closely  represents 
the  whole  course  of  the  observations. 

Knowledge  of  this  light-curve,  however,  does  not  enable  us  to 
find  the  elements,  but  only  a  relation  between  them  of  the  form 

C 

x(*,  "o,  i)  =  -^.  (19) 


330  HENRY  NORRIS  RUSSELL 

Unless  the  secondary  minimum  has  been  observed,  we  can  go  no 
farther.  But  if  we  know  the  brightness  at  both  minima  we  have 
another  relation  between  k  and  a^,,  of  the  form 

o.o=i--K-\ — ^,  (7) 

where,  as  always,  K  represents  the  light-intensity  of  the  system 
at  the  middle  of  the  eclipse  of  the  smaller  star  by  the  larger. 

These  two  equations  must  be  solved  for  a^  and  k.  As  good  a 
way  as  any  is  to  compute  a^  from  (7)  for  equidistant  values  of  k, 
then  take  x{k,  ^o,  \)  from  Table  III  and  find  by  interpolation  what 
value  of  k  satisfies  (19).  A  graphical  solution  may  be  made  by 
plotting  on  one  sheet  (a)  the  curves  %(^,  a^,  |)  =  const.,  with  k 
and  cto  as  co-ordinates,  and  on  another  transparent  sheet  {h)  the 

curves  a^= — rj— '.     If  these  diagrams  are  superposed  so  that  the 

point  ao=o,  k=  i,  on  {h)  lies  above  the  point  a^=  i  — /i,  k=  i  on  (a), 

then  the  intersection  of  the  curves  %=y^  on  (a)  and  a^=         -  on 

(6)  will  give  the  desired  solution. 

This  graphical  method  has  the  advantage  of  exhibiting  very 
clearly  the  degree  of  uncertainty  of  the  results.  When  A^  and 
K  are  nearly  equal  the  curves  in  question  on  {a)  and  {b)  run  very 
nearly  parallel  for  a  considerable  part  of  their  course  (corresponding 
to  the  larger  values  of  k),  and  the  solution  is  usually  very  nearly 
indeterminate.  If  the  two  minima  are  considerably  unequal,  the 
two  sets  of  curves  cut  at  a  considerable,  though  usually  an  acute, 
angle  and  the  solution  is  determinate,  and  in  most  cases  unique. 
When,  however,  /i>o.6o  and  K>o.  70,  there  may  be  two  solutions, 
and  if  these  he  near  together,  their  determination  becomes  very 
uncertain.  These  indeterminate  cases,  it  should  be  noticed,  can 
arise  only  when  the  loss  of  light  at  minimum  is  less  than  half  the 
original  light,  that  is,  when  the  mininuuii  is  loss  than  o'"75  in 
depth. 

When  the  princii)al  minimum  corresponds  to  the  eclipse  of  the 
smaller  star  by  the  larger  (that  is,  when  Ai<Aj)  the  curve  {h)  is 
steeper  than  the  curve  (a)  (a^  being  the  horizontal  co-ordinate). 
If  the  two  curves  intersect  for  some  value  of  k  less  than  unity,  the 
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curve  (b)  must  give  the  greater  value  of  a„  when  ^=1.  When 
/^</,,  the  curve  (a)  is  steeper  than  (b)  and  the  reverse  is  the  case. 
Now  the  equation  of  (a)  is  (ig),  and  of  (b)  is  (7).  When  k=  i  the 
latter  gives  ao=2  — A,— A,.  The  value  of  a^  which  satisfies  the 
former  may  be  found  in  an}-  given  case  from  Table  III.  Call  it  /3. 
Then  if  2— /j— Aj>y3  the  smaller  star  is  behind  the  larger  at  princi- 
pal eclipse;  and  vice  versa.  If  these  two  quantities  are  equal. 
k=  I,  that  is,  the  two  stars  are  of  the  same  radius.  When  both 
minima  are  of  very  small  depth  (say  0^15  or  less),  the  indeter- 
minate character  of  the  solution  is  pronounced  (except  when  k  is 
near  its  lower  limit,  and  the  eclipse  is  nearly  total).  The  exact 
form  of  the  light-curve  for  so  shallow  a  minimum  is  especially 
difficult  to  fix  by  observation.  It  follows  that  the  eclipsing  vari- 
ables of  small  range,  such  as  have  been  recently  discovered  with 
the  selenium  photometer,  present  a  problem  which  can  be  solved 
only  by  the  addition  of  other  data  than  those  derivable  from  the 
light-curve.  Fortunately,  it  is  in  just  these  cases  that  spectro- 
scopic data  make  it  possible  to  estimate  the  ratio  of  the  actual 
light-emissions  of  the  components,  and  also  determine  with  cer- 
tainty which  component  is  in  front  at  each  eclipse.  The  ratio  of  the 
surface-intensity  of  the  components  being  that  of  the  loss  of  light 
at  the  two  eclipses,  k  may  at  once  be  determined.' 

Whenever,  by  any  of  these  means,  k  and  Oq  have  been  found, 
the  determination  of  the  remaining  elements  is  simple.  At  the 
middle  of  eclipse  ^=0,  and  the  apparent  distance  of  centers  is 
{i-\-pk)  times  the  radius  of  the  larger  star,  where  p  is  the  function 
of  k  and  cto.  defined  on  page  320,  whose  values  are  given  in  Table  I. 
The  value  of  0  at  the  beginning  or  end  of  the  eclipse  may  be  com- 
puted by  (iS)  setting  n  =  o.     Calling  this  B',  we  have,  as  before, 

ri^(i+^)^  =  cos^  /-|-sin^  /  sin-^', 

which  may  be  written 

r,^(i-f  )t)^  =  cos^  /  cos'  ^'+sin=  0'.  \ 

For  the  middle  of  the  eclipse,  we  have  ^  (20) 

r^'(i-^ pky  =  cos'  i.  ) 

'  V.  Schlesinger,  Publications  of  Ihc  Allegheny  Observatory,  2,  56. 


332  HENRY  NORRIS  RUSSELL 

These  two  equations  determine  r^  and  cos  /.  The  relations  r,=  kri, 
aoL2=  I  — ^i,  determine  the  remaining  elements. 

The  above  method  of  solution  of  the  problem  presented  by  a 
partial  eclipse,  though  not  rigorously  exact,  is  sufficiently  accurate 
to  be  adopted  as  final,  unless  the  observations  are  unusually 
numerous  and  precise.  If  it  seems  desirable  to  proceed  farther, 
the  light-curve  which  corresponds  rigorously  to  the  assumed  ele- 
ments may  be  computed  by  the  formulae 

im^d  =  A+B^p{k,o.),  (13) 

i-/="(i-^),  (21) 

where  A  and  B  are  derived  from  ^i,  ^,  and  /  by  means  of  the  equa- 
tions (14)  (p.  323).  The  light-curves  for  both  primary  and  secondary 
minima  should  be  computed,  using  the  appropriate  values  of  A  in 
(21).  If  they  do  not  represent  the  observations  sufficiently  well, 
the  assumed  constants  may  be  varied — in  which  case  it  is  well  to 
take  as  fundamental  data  A,,  X^  (the  light-intensities  at  the  middle 
of  the  two  minima),  k,  and  A,  determining  a^  by  the  equation  (7) 
and  then  B  by  the  equation 

A+B^lf{k,a,)=0.  (22) 

As  before,  the  elements  need  not  be  computed  until  a  satisfactory 
light-curve  has  been  found. 

PART  II.   CONSTRUCTION  OF  THE  TABLES 

All  the  tables  necessary  for  computing  the  elements  of  eclipsing 
variables  may  be  derived  from  Table  I.  This  gives  a  function  of 
two  variables,  p  {k,  a),  which  may  be  defined  as  follows. 

Let  a  circle  of  radius  unity  cut  a  smaller  circle  of  radius  k  in 
such  a  way  that  the  area  of  the  interior  segment  of  the  latter  is  a 
times  that  of  the  whole  circle.  The  distance  of  the  centers  of  the 
two  circles  is  then  i-\-kp(k,  a);  or  p  is  the  ratio  which  the  distance 
of  the  center  of  the  smaller  circle  from  the  circumference  of  the 
larger  bears  to  the  radius  of  the  former.  For  any  fixed  value  of 
k,  a  may  be  computed  when  p  is  known  by  familiar  equations; 
but  it  saves  much  work  to  compute  corresponding  values  of  a 
and  p  for  assigned  values  of  some  other  variable,     in  the  i)resent 
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case  the  common  chord  of  the  two  circles  was  chosen.  Call  this 
25.  We  then  have  at  once  for  the  distance  of  centers  i-\-kp= 
1  I  — 5^±V  k^—s^,  the  upper  or  lower  sign  being  employed  accord- 
ing as  the  center  of  the  smaller  circle  is  outside  or  inside  the  chord. 
Let  A I  and  A  2  be  the  areas  of  the  smaller  segments  cut  from  the 
two  circles  by  this  chord.  Then,  when  the  center  of  the  smaller 
circle  is  outside  the  chord,  we  have 

A,+A, 

Otherwise 

A,-A, 
"  =  ^— -^^- 

If  5=  sin  (f>i=k  sin  (f>2.  wc  have 

-•li  =  <^i  — sin  <^i  cos  <^i  ,         .l2  =  ^^(<^2  — sin  <^.,  cos  <f>2). 

The  computation  of  these  angles  may  be  avoided  by  introducing 
the  heights  of  the  two  segments,  which  are  defined  by  the  equations 


hl  =  I  —  ^I—s^=l—cos<i>I,      //t=^  — 1   ^^  —  5^  =  ^(1  — cos  <^3). 

We  then  have 

.        ,      ^,  — sin  <^,  cos  <^,  III     I— cos<^r  j 

Ai  =  s/h. — 7 -■ — 7 T- ,       —  =  — -■ — T —  =  tan  4<^i, 

sin  9i— sin  9,  cos  9i         s        sin  9i 


and  similarly  for  A  2  and  h.. 

If  we  set 

<^— sin  <l>  cos  <^ 


=  F(tani<^), 


sin  <^  — sin  <f>  cos  4> 
the  expressions  previously  found  for  a  and  p  become 

The  function  /*'  changes  slowlw  and  a  \ery  small   table  suffices 
for  it. 

Every  assumed  value  of  .v  gives  two  j)()ints  in  the  light-curve, 
that  Is.  two  j)airs  of  \alues  of  a  and  />.  By  plotting  these  points 
on  a  suitable  scale,  the  values  of  /?  corresijonding  to  given  values 
of  a  can  be  read  off.     A  len-inc  h  slide-rule  was  used  in  the  actual 
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work,  and  the  computation  of  21  points,  sufficient  to  define  the 
curve  for  a  given  value  of  k.  took  only  about  fifteen  minutes. 
Table  I  as  here  printed  has  been  carefully  checked  by  difTerences, 
both  horizontal  and  vertical,  and  the  errors  of  the  tabular  quan- 
tities ought  not  to  exceed  one  or  two  units  of  the  last  decimal 
place.  The  tabular  interval  has  been  made  small  enough  to 
permit  linear  interpolation  in  both  components  except  for  very 
small  or  very  large  values  of  a. 

Table  II  contains  the  function  ■^(k,  a^)  defined  by  the  equation 

\l+kp(k,a,)[^-\l-\-kp(k,a,)\^ 


\l-[-kp{k,a,)\--\l-\-kp(k,a,)\-^ 

(where  a^=o.6  and  03=0.9),  which  is  used  in  determining  k  in 
the  case  of  total  eclipse.  The  uncertainty  of  the  tabular  quan- 
tities does  not  exceed  one  or  two  units  of  the  last  decimal  place, 
except  for  the  larger  values  of  y{r,  corresponding  to  values  of  a, 
less  than  0.3,  for  which  the  actual  errors  may  be  greater,  but  are 
not  more  serious  in  proportion  to  the  whole  quantity  tabulated. 
Table  Ila  contains  the  functions 


\p(k,  o)-^{k,  i)   """  ^'"^^   {i-ky^{k,  o)-ii-j-ky^{k,  i) ' 

which  are  useful  in  determining  the  elements  in  the  case  of  total 
eclipse. 

Table  III  contains  the  function 

which  is  of  use  in  the  case  of  partial  eclipses.  The  accuracy  of 
the  tabular  quantities  is  comparable  with  that  in  the  pre\nous 
tables.  Table  Illd  contains  the  functions  &>,(;/)  and  (^iin)  which 
appear  as  coefficients  in  the  empirical  relation 

which  has  been  found  to  represent  the  individual  computed  values 
with  such  remarkable  approximation.     The  values  resulting  from 
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TABLE  Ila 

For  Computing  thk  Elements  in  the  C.\se  of 
Total  Eclipse 


k 

*.(*) 

♦.(») 

I.OO 

0.95 
■90 

0.380 
.401 
■  417 

0.939 
•894 
.848 

0.85 

0.427 

0.802 

.80 

•431 

•755 

-75 

•431 

•709 

0.70 
■65 
.60 

0.427 
.419 
.406 

0.663 
.617 
•572 

0-55 
•50 
■45 

0.390 
■371 
•349 

0.527 
.482 
•  436 

0.40 

0  323 

0.390 

•35 
•30 

.294 
.262 

•345 
.298 

0-25 

0.226 

0.250 

.20 

.187 

.202 

•15 

.145 

•153 

0. 10 

0. 100 

0.103 

•05 

•052 

•052 

.00 

.000 

.000 

TABLE  III 
For  Use  in  Case  of  Partial  Eclipse.    Values  of  x  {k,  Oo,  \) 


a. 

i»i.oo|  o.gs 

0.90 

0.80 

0.70 

0.60 

0.50 

0.40 

0.30 

0.20 

O.IO 

0.00 

I  .00.  .  . 

2.462    2.316 

2.194 

2.010 

1 
I. 870:1.756 

1.667 

1.596 

1.5411.491 

1.441 

1.407 

0.98... 

2.402   |2.270 

2.16812.005  1.872  1.770 

1. 690' 1. 628 

r. 572  1.522 

I  479 

1.437 

•95  •• 

2.328    2.208  2. 121  1.985  1.872  1.779 

1.703  1.638 

1.586,1.540 

1.499,1.460 

.90... 

2.218    2.135  2.062  1.950  I. 860  1.778 

1.708 

1.650 

1 . 605  1 .  560 

r.522 

1-485 

•8s... 

2.127  ,2.067 

2.010  1. 919  1.840 

I. 771 

1. 710 

1.660 

1.6181.577 

I   540 

1. 501 

0.80. . . 

2.054    2.010 

1 
1.968  r. 890' 1. 823 

I  763 

1. 711 

1.665 

r. 626  1.589 

1552 

1.510 

.70. . . 

1.956    1.92611.896  1.84211.792 

I   749 

1. 711 

1^675 

1. 640' 1. 606 

1.57011.532 

.60... 

1.887    1.860  1.838  1.799  1.76411.734 

1.707 

1.677 

1.648  1.620 

1.586 

I-55I 

.50... 

1.828 

1.805  1.78911.76211.740,1.719 

1.699 

1-675 

1.650  1.626 

1-597 

1.568 

.40.  . 

1.772 

1. 761 

1.751 

1-732 

1-717 

1.700 

1.68s 

1.669 

1.650  1.629 

1.607 

1.584 

0.30. . 

1.727 

1.722 

r.717 

1 . 709  1 .  700 

1.688 

1.674 

1. 661 

1 .  646  1 .  635 

1. 615 

1-598 

.20. . . 

1.693 

1.692  1.690  1.687  1.682  1.67511.665  1.655 

1.642  1.635 

1.623  1. 608 

.10. . . 

I   673 

1.672  1 . 670  1 . 6661 1 . 660, 1 . 655  1 . 650  1 . 646 

1.639  1.633 

1.626  I. 616 

.00. . . 

1.630 

1.630  1.63OJI.630  1.630  1.630  1.630  1.630 

1.630  r.630 

1.630  1.630 
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TABLE  Ilia 

For  Computing  the  Form  of  the  Light-Curve 
IX  Case  of  Partial  Eclipse 


n 

Wl 

(«) 

<Oj 

(«) 

o.oo 

-3 

•94 

+4 

10 

lO 

—  I 

■45 

+  2 

.21 

20 

—  0 

•399 

+  1 

330 

25 

.000 

+  1 

000 

o 

30 

+0 

.316 

+0 

720 

35 

+ 

•567 

+ 

488 

40 

+ 

•758 

+ 

295 

45 

+ 

.899 

+ 

^53, 

o 

50 

+1 

.000 

0 

000 

55 

+1 

.065 

-0 

107 

60 

+1 

095 



190 

65 

+1 

090 

— 

249 

o 

70 

+1 

046 

—  0 

285 

75 

+0 

967 

— 

297 

80 

+ 

846 

— 

28s 

85 

+ 

693 

— 

250 

o 

90 

+0 

503 

—  0 

191 

95 

+ 

273 

— 

108 

98 

+ 

114 

— 

047 

99 

+ 

058 

— 

024 

I.OO 

0 

000 

0 

000 

the  individual  computations  for  different  values  of  n  have  been 
carefully  smoothed  and  the  table  is  probably  as  trustworthy  as 
the  others.  For  ;/  =  o  and  ;/  =  f ,  the  values  of  x(k,  a-o,  n)  have  been 
computed  over  the  whole  range  of  values  of  k  and  ao',  for  the  other 
values  of  n  only  for  0^=0.80  (which  appeared  in  the  previous 
computations  to  give  results  very  closely  approximating  to  the 
mean  for  all  values  of  a„). 

Two  auxiliary  tables  arc  added  to  facilitate  numerical  computa- 
tion. Table  A  gives  the  loss  of  light  (i  — A),  corresponding  to  a 
given  change  Am  in  stellar  magnitude.'  For  a  difference  of  magni- 
tude greater  than  2.5,  the  loss  of  light  is  o.  9000+  ,'„  of  the  tabular 
value  for  Aw—  2'"5.  1  able  B  gives  the  values  of  ^— sin  6  for  every 
o.oi  of  6  (expressed  in  circular  measure),  and  saves  much  labor 

'  S.  Blazko,  op.  cil.,  p.  106. 
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TABLE  A 
Loss  OF  Light  Corresponding  to  an  Increase  Am  in  Stellar  Magnitude 


^m 


8 


o.oooo  o 
.0880 
.1682 
.24141 
.3082 


5 to.369o!o 

42461 

•4752: 

•  5214 
■  5635 


0.6019  o 

.6369 
.6689 
.6980 

-r 72461 

5 |0-7488!o 

6 1  .7709^ 

7 1  -79": 

8 .8095 

9 .8262 

o 0.8415  o 


.8682 


.8904 


0092  o 
0964 

1759 
2484 

3145 

37480 

4298 

4848 

5258 

567s 

60550 
6403  i 
6719 
7008 
7271 

75110 
7730 

7930 
8112.J 
8278 

84300 

8568 

8694 

8809 

8914 


0183 
1046 
1834 
2553 
3208 

3806 

4351 
4848 

5301 
5715 

6092 
6435 
6749 
7035 
7296 

7534 
7751 
7949 
8129 
8294 

8444 
8581 
8706 
8820 
8924 


1.02730 
.1128: 
.1909J 
.2621! 

•3270J 

0.3862  o 
4402 
■4895 
53441 

■5754 

0.6127I0 
.6468: 
.6779 
.7062 
■7321 

o.7S57{o 

•  7772 
.7968! 
.8146 
.8310 

o.8458'o 

8594 
.8718 
.8831 
•8933 


0362 
1210 

1983 
2689 
3332 

3919 
4454 
4942 
5387 
5793 

6163  o 

6501 1 
6808 1 
7089! 

7345 

7579I0 
77921 
7986 1 
8163 
8325 

84720 

8607 

8729 


0.0450 
1290 
2057 
2756 
3393 

3974 
4505 
4988 

5429 
5831 

6198 

6533 
6838 
7116 
7370 

7601 
7812 
8005 
8180 
8340 


8943 


2.5 o .  9000  o .  9009  o .  901} 


0.9027  0.9036 


0.0538 
•  1370 
.2130 
.2822 
•3454 


0.0624  b 
.1449 
.2202 
.2888 
•35U 


0.40300. 4084  o 
■4555   4605' 
.5034  .5080 


•5471 
•  5870 

0.6233 
.6564 
.6867 
.7142 
•7394 

0.7623 
-7832 
.8023 
•8197 
•8356 


•5513 
•5907 

0.6267 
.6596 
.6895 
.7169 
.7418 

0.76450 
.7852! 
.8041 
.8214 
•  8371 


8486  'o .  8500  o .  85 14  o 

8620  .8632  .8645 


8741  8753 

52  .8862 

53  8962 


0.90450.9054 


.8764' 
•8873 
•8972, 


0.9062b. 9071 


07100 

1528 

2273 

2953 

3573 

41390 

4654 

5125 

5554 

5945 

6302 
6627 
6924 
7195 
7441 

7667  o 

7872: 

8059! 

8230 

8386 

85280 

86571 

8775' 


0795 
1605 

2344 
3018 
3632 

4192 
4703 
5169 
5594 


6336 
6658 
6952 
7220 
7465 

7688 
7891 
8077 
8246 
8400 

8541 
8670 

8787 
8893 
8991 


0.9080 


For  values  of  Am  greater  than  2.5,  the  loss  of  light  is  0.9000  plus  I'g  of  the  loss  of  light  corre- 
sponding to  Am— 2.5. 

TABLE  B 

Values  of  ^— Six  B 


0.0 


0.3 


0.4 


0.6 


0.8 


0.9 


0.00 0.0000 

.01 0000 

.02 0000 

.03 0000 

.04 .  0000 

o .  05 o .  0000 

.06 1   .0000 

.07 .0001 

.08 1   .0001 

.09 .0001 


0.0002  0.0013  0.0045 

0002  .0015  .0049 

0003  .0018  .0055 

0004  .0020  .0060 

0005  .0023  .0066 

0.0006  0.0026  0.0071 

0007  .0029  .0078 

0008  .  0033  .  0084 

0010  .0037  .0091 

001 1  .0041  .0098 


0.0105 
.0114 
.0122 

•  0131 
.0141 

0.0151 
.0160 
.0171 
.0183 

•  0194 


o .  02060 .  0354  o .  0558  b .  0826  o 
.0218  .03721  .0582  .0857 
.0231  .03901  .0607  .0888 
.0244  .0409  .0632  .0920, 
.0258  .0428  .0658  .0953: 

0.0273  0.0448  0.0684  0.0987  o 
.0288  .0469  .0711  .1022' 
.0304  .0490  .0739!  .1057; 
.0320  .05121  .0767  .1093 
•0337   0535   0796  •1130I 


1167 
1205 
1243 
1283 

1324 

1365 
1407 
1450 
1494 

1539 
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in  computing  the  values  of  sin  0  corresponding  to  a  given  interval 
from  minimum. 

Examples  of  the  use -of  these  tables  are  found  in  a  subsequent 
paper,  in  which  elements  are  deduced  for  the  eclipsing  variables 
]V  DelpJiini,  W  Ursae  Majoris,  and  W  Crucis: 

Prin'ceton"  Uxi\ersity  Observatory 
March  19,  191 2 

[To  be  continued] 
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SPARK  SPECTRA  OF  THE  ALKALI  EARTHS  IX  THE 
SCHUMANN  REGION 

Hv  THEODORE  LYMAX 

Spark  spectra  of  metals  in  the  region  of  extremely  short  wave- 
lengths have  been  investigated  by  Schumann  and  later  by  Handke.* 
The  substances  studied  by  the  second  observer  included  aluminum, 
copper,  gold,  silver,  tin.  zinc,  magnesium,  and  mercury.  The 
spark  was  in  air  outside  the  instrument.  Schumann's  vacuum 
prism  spectroscope  was  used.  The  measurements  extended  to 
the  neighborhood  of  A  1600.  The  writer  has  made  experiments 
on  metallic  spectra  from  time  to  time  during  the  past  ten  years, 
using  his  grating  vacuum  spectroscope,  but  without  important 
results  until  recently,  when  his  attention  was  directed  to  the  alkali 
earths  by  the  work  of  Saunders  on  series  spectra.^ 

The  chief  improvements  which  distinguish  the  present  work 
consist,  first,  in  the  employment  of  a  concave  grating  in  place  of  a 
prism,  and  second,  in  running  the  spark  in  a  vessel  through  which 
a  current  of  hydrogen  was  maintained.  The  Hght  thus  produced 
passed  directly  from  the  spark  chamber  through  a  fluorite  window 
into  the  body  of  the  spectroscope.  In  this  way.  the  absorption  of 
the  layer  of  air  between  the  spark  and  the  window  was  ehminated. 
At  the  same  time  the  current  of  hydrogen  helped  to  free  the  light- 
path  from  the  gaseous  products  of  the  spark. 

Aluminum  (Plate  XVIII,  Fig.  i)  was  chosen  as  the  first  substance 
for  investigation  because  its  spectrum  has  been  studied  by  Handke 
and  it  therefore  afYorded  opportunity  for  comparing  the  writer's 
measurements  with  measurements  obtained  by  another  type  of  in- 
strument. The  figures  which  will  be  found  in  Table  I  at  the  end 
of  this  paper  illustrate  in  some  degree  the  relative  advantages  of 
the  two  methods  of  experiment.  The  greater  light-intensity  of  the 
prism  instrument  in  the  region  of  wave-lengths  less  refrangible  than 
/  1600  is  shown  by  the  fact  that  some  faint  lines  are  given  by 

'  Inaug.  Dis.     Berlin,  1909.  '  Aslrophysical  Journal,  32,  153,  1910. 
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Handke  which  are  not  easily  observed  with  the  grating.  On  the 
other  hand,  the  result  of  the  ehmination  of  the  absorption  of  the 
fluorite  prism  and  lenses  and  of  the  air  near  the  spark  is  illus- 
trated by  the  fact  that  the  lines  of  shorter  wave-length  than 
X  1600  were  not  discovered  in  the  earher  work.  Between  the  two 
sets  of  measurements,  the  agreement  is  fair;  with  a  few  exceptions, 
the  difference  between  Handke's  values  and  those  of  the  writer 
are  four-tenths  of  an  Angstrom  unit. 

Turning  to  the  principal  subject  of  this  paper,  the  spectra  of 
the  alkah  earths  and  their  series  relations,  the  expectations  in  the 
Schumann  region  based  on  theoretical  considerations  are  of  two 
kinds.'  First,  according  to  the  speculations  of  Ritz  and  of  Saunders 
there  should  be  series  of  pairs  in  the  region  of  very  short  wave- 
lengths, the  subordinate  members  of  which  show  constant  wave- 
number  separations.  Lines  belonging  to  this  arrangement  have 
already  been  observed  over  the  ordinary  extent  of  the  spectrum  in 
calcium,  strontium,  barium,  and  magnesium,  and  in  the  case  of 
some  of  the  series  the  constants  of  the  formulae  have  been  calcu- 
lated with  a  sufficient  degree  of  accuracy  to  permit  of  a  rough 
prediction  of  the  position  as  well  as  the  separation  of  the  new  pairs. 

The  expectation  of  the  second  kind  is  less  definite  in  character 
than  the  first.  It  is  founded  on  the  following  statement  of 
Saunders:^  ''In  all  three  elements  there  occurs  a  strong  pair  in 
the  ultra-violet:  Ba  /  2335  and  A  2304;  Sr  X  2165  and  A  2152;  Ca 
/  1840  and  /  1837,  which  are  reversed  in  Sr  and  Ba,  and  probably 
in  Ca  also,  and  the  line  of  greater  wave-length  is  the  stronger  in 
each.  The\'  therefore  look  like  subordinate-series  pairs  in  a  series 
of  great  strength,  the  rest  of  which  is  in  the  Schumann  region." 

Confining  the  attention  at  present  to  calcium  (Plate  XVIII, 
Fig.  2),  the  writer's  experiments  reveal  four  new  pairs,  with  the 
separation  rec|uired  by  thef)ry,  wave-number  1/^  =  223.  They 
apj)ear  to  fall  in  with  the  exj)ectation  of  the  first  kind  and  form 
terms  in  the  first  ancl  second  subordinate  series.  Their  discovery  is 
of  cijnsiderable  interest.  In  the  case  of  the  ex]:)ectation  of  the 
second   kind,    the   writer   has   found    three   new   jiairs   with    the 

'  Ritz,  Physikalische  ZcUschriJt,  9,  521,  1908. 
'  Aslrophysical  Journal,  32,  165,  1910. 
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separation  predicted  by  Saunders,  i  /  =  70.  These  pairs,  four  in 
all.  may  present  material  for  the  application  of  the  "combination 
princii)le."  After  lines  due  to  impurities  have  been  eliminated, 
there  remain  some  ten  or  twelve  lines  in  calcium  unclassitied,  most 
of  which  are  faint. 

In  the  case  of  strontium  (Plate  XVIII,  Fig.  3),  the  expectation  of 
the  first  kind  is  slight.  The  comjjutations  of  Saunders  show  that 
the  limits  of  the  subordinate  series  lie  in  the  neighborhood  of 
^  1700;  it  is  a  recognized  property  of  these  series  that  the  members 
rapidly  decrease  in  intensity  as  they  near  the  Hmit.  It  is  not 
surprising,  therefore,  that  the  writer  has  observed  only  one  pair 
with  the  required  separation,  i/A  =  8oo,  in  the  Schumann  region. 
Their  position  is  /  1847  ^nd  /  1820.  The  expectation  of  the 
second  class,  however,  has  been  well  fulfilled.  There  are  two 
striking  pairs,  with  the  separation  i  /  =  285. 

These  three  pairs  constitute  the  spectrum  of  strontium ;  the  other 
lines  N-isible  on  the  plate  are  chiefly  due  to  calcium  and  aluminum. 

With  barium  the  experimental  difficulties  are  very  great. 
Success  was  attained  only  by  using  the  pure  metal  in  an  atmosphere 
of  hehum.  What  has  been  said  of  strontium  appHes  even  more 
strongly  in  this  case.  The  expectation  of  the  first  kind  is  very 
small.  The  expectation  of  the  second  class  is  apparently  fulfilled: 
two  pairs  with  the  separation  predicted  by  Saunders  exist.  That 
they  belong  together  is  not  absolutely  certain,  though  it  seems 
extremely  probable.  In  addition  to  these  lines,  there  are  several 
others  which  may  be  due  to  barium. 

Finally,  the  spectrum  of  magnesium  has  been  studied  (Plate 
XVTII,  Fig.  4).  It  consists,  in  the  Schumann  region,  of  only  two 
pairs,  separation  i  /  =  9o;  they  seem  to  fulfil  the  expectations  of  the 
first  class  and  form  members  of  the  first  and  second  subordinate 
series  mentioned  by  Ritz.'  The  other  lines  \asible  on  the  plate  are 
due  to  impurities. 

In  Plate  X\TII,  the  fifth  figure  shows  the  vacuum  tube  spectrum 
of  hydrogen  which  is  added  for  the  sake  of  comparison.  Unfor- 
tunately the  plate  on  which  the  barium  spectrum  is  recorded  is 
not  suitable  for  reproduction. 

'  Physikalische  Zeilschrifl,  g,  528,  1908. 
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It  is  hoped  that  the  results  already  obtained  are  of  interest  in 
themselves,  and  it  must  be  remembered  that  the  method  may  be 
extended  to  the  study  of  metallic  spectra  in  general  in  the  region 
bounded  by  A  1850  at  the  one  end  and  by  the  absorption  of  fluorite 
at  the  other. 

The  writer  has  profited  by  the  advice  of  Professor  Saunders 
throughout  the  work.  In  fact,  if  it  had  not  been  for  Professor 
Saunders'  interest  in  the  subject  of  series  spectra  in  the  Schumann 
region,  the  research  would  never  have  been  undertaken. 

The  details  of  technique  and  measurement  are  to  be  found  in  the 
second  part  of  the  paper. 


Fig.  I. — The  spark  chamber 

The  shape  of  the  spark  chamber  is  illustrated  in  the  accompany- 
ing figure  (see  Fig.  i).  A  cylindrical  glass  vessel  about  8  cm  long 
and  4  cm  in  diameter  is  furnished  at  one  end  with  a  window,  and 
is  drawn  out  into  a  tube  i  cm  in  diameter,  at  the  other.  This  tube 
fits  into  a  brass  cone  B  and  is  held  in  place  by  cement.  The  cone, 
in  turn,  fits  air-tight  into  a  cup  C  of  the  same  form  as  that  used  in 
prcN'ious  work.'     The  cup  screws  on  to  the  face  plate  of  the  vacuum 

'  Aslrophysical  Journal,  32,  102,  191 1. 
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spectroscope  D  and  has  attached  to  it  a  fluorite  window  A.  The 
point  of  novelty  consists  of  a  tube  E  which  penetrates  the  side  of 
the  cone  and  through  which  a  stream  of  hydrogen  is  directed  into 
the  spark  chamber.  This  stream  of  gas,  after  striking  the  fluorite 
window,  turns  and  is  directed  against  the  spark  discharge  and 
finally  makes  its  way  through  sulphuric  acid  into  the  outer  air  by 
means  of  F.  By  a  suitable  arrangement  of  stop-cocks,  the  spark 
chamber  may  be  exhausted  through  E.  When  it  was  found  neces- 
sary to  replace  the  stream  of  hydrogen  by  an  atmosphere  of  hehum, 
the  gas  was  introduced  through  the  tube  F  after  the  vessel  had  been 
thoroughly  exhausted. 

In  exhausting  the  spark  chamber  and  the  body  of  the  spectro- 
scope itself,  the  excellent  pump  made  by  the  Tri-Mount  Rotary 
Power  Company  of  Boston,  has  recently  been  employed. 

The  metal  under  examination  is  held  in  suitable  clamps  and 
introduced  into  the  chamber  through  ground  joints  as  shown  in  the 
figure.  The  discharge  is  viewed  through  the  window  G  during  the 
course  of  the  experiment.  Of  late,  a  Hilger  wave-length  prism 
spectrometer  has  been  used  for  the  purpose. 

The  spark  was  produced  by  the  Clapp  Eastham  transformer 
mentioned  elsewhere.^  In  all  cases,  a  capacity  of  0.026  micro- 
farads was  used  in  parallel  with  the  coil.  In  many  cases  an 
external  spark  gap  was  employed  in  series  with  the  terminals  in  the 
discharge  chamber. 

It  is  ob\dous  from  what  is  known  of  the  transparency  of  gases 
in  the  Schumann  region  that,  as  the  light  must  pass  over  a  path 
of  more  than  6 . 5  cm  between  spark  and  window,  the  gas  in  the 
discharge  chamber  must  be  free  from  impurities,  especially  oxygen. 
Hydrogen  made  from  zinc  and  hydrochloric  acid  and  by  elec- 
trolysis from  a  barium  hydroxide  solution  was  employed.  In  both 
cases  the  usual  precautions  as  to  purification  and  drj-ing  were  taken. 
The  gas  obtained  by  the  second  method  gave  the  better  results. 

The  hehum  was  obtained  from  Tyrer  of  London  and  was  used 
at  a  pressure  of  three  quarters  of  an  atmosphere.  It  exhibited  a 
transparency  equal  if  not  superior  to  that  of  hydrogen.  The  writer 
believes  that  this  is  the  first  time  the  transparency  of  hydrogen  in 

'  Ibid. 
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the  Schumann  region  at  atmospheric  pressure  in  a  column  over  6  cm 
long  has  been  demonstrated  spectroscopicalh'. 

The  method  of  measurement  was  that  of  shifted  spectra,  which 
has  already  been  described  in  connection  \Nith  the  \mter's  work.^ 
Briefl}-,  it  consists  in  comparing  the  spectrum  under  investigation 
with  a  known  spectrum,  generally  of  iron,  which  is  '"shifted"  with 
respect  to  the  first  by  a  given  amouni.  Lately,  the  process  of 
measurement  has  been  facihtated  by  the  use  of  a  scale  specially 
etched  on  glass  and  standardized  by  comparison  with  the  lines  of  the 
hydrogen  spectrum.  As  it  was  an  object  to  obtain  as  strong  a 
spectrum  as  possible,  a  rather  wide  slit  was  used.  The  definition, 
therefore,  falls  short  of  that  obtained  in  the  author's  hydrogen 
plates  and  in  some  of  his  gas  spectra  work. 

The  errors  are  of  two  kinds:  one.  which  depends  on  the  nature 
of  the  method  employed,  is  connected  with  uncertainties  in  deter- 
mining the  magnitude  of  the ' '  shift. ' '  This  error  aft'ects  the  absolute 
values  of  the  wave-lengths.  With  a  sharp  line  in  the  spectrum  of 
hydrogen  it  should  not  exceed  o .  2  unit.  The  other  is  purely  an 
error  of  setting  and  aft'ects  the  relative  values,  such  as  the  distance 
between  the  pairs.  Its  magnitude  varies  naturally  with  the  nature 
of  the  line,  its  minimum  is  probably  about  o.i  unit,  its  maximum 
may  reach  0.4  in  the  case  of  nebulous  lines.  It  is  obviously  this 
second  error  which  must  be  borne  in  mind  in  estimating  the 
accuracy  of  differences  in  the  vibration  numbers  of  the  pairs  of 
the  same  series.  It  is  hardly  necessary  to  add  that  measurements 
in  the  extreme  ultra-violet  are  not  well  adapted  for  very  accu- 
rately determining  the  constants  of  the  formulae  employed  in  series 
spectra  work. 

Impurities  in  the  material  employed  in  the  study  of  spark 
spectra  in  the  Schumann  region  may  play  a  double  role:  they  may 
contribute  lines  to  the  spectrum  and  they  may  form  gaseous  com- 
pounds in  the  spark  chamber  which  modify  the  spectrum  by  their 
absori)tion.  The  metals  used  were  analyzed  in  the  hope  that  the 
data  thus  obtained  might  afford  a  clue  to  the  cause  of  the  anomalies 
observed  during  the  experiment.  However,  the  spectroscope  is  so 
delicate  a  detector  of  impurities  that  the  results  of  chemical  analysis 

'  Aslrophysical  Journal,  23,  202,  IQ06. 
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give  only  a  rough  indication  of  what  may  be  expected.  A  detailed 
discussion  of  the  spectra  follows. 

The  specimens  of  aluminum  employed  were  of  commercial 
quaHty  but  of  considerable  purity.  Judging  by  past  experience, 
they  might  be  supposed  to  contain  only  traces  of  sihcon,  carbon, 
and  iron.  The  spectrum  in  the  visible  region  was  dominated  by 
the  four  lines  of  hydrogen;  the  lines  of  aluminum  were  relatively 
feeble.  When  the  spark  was  tried  in  helium,  the  lines  of  that 
gas  also  dominated  those  of  the  metal.  It  is  important  to  notice, 
however,  that  in  all  the  spark  spectra  in  the  Schumann  region, 
there  are  no  lines  which  can  be  traced  with  certainty  either  to  hydro- 
gen or  to  helium. 

Fig.  I  illustrates  the  spectrum  of  aluminum  in  hydrogen.  All 
the  strong  lines  on  the  plate  are  to  be  ascribed  to  the  metal  \^^th  the 
exception  of  the  two  pairs  at  /  1742.7,  1745.3,  and  /  1494.8, 
/  1492 . 8.  which  are  due  to  a  trace  of  nitrogen.'  Of  the  fainter  lines, 
hardly  visible  in  the  plate,  the  one  near  /  1655  is  probably  due  to 
carbon,  those  near  /  1550  are  found  in  magnesium  but  may  be  due 
to  iron,  those  between  /  1490  and  /  1400  are  common  to  several 
substances. 

Turning  to  the  tables,  it  is  to  be  noted,  that,  for  most  of  the 
Hnes,  the  differences  between  the  values  obtained  by  Handke  and 
the  measurements  of  the  writer  lie  between  three  and  four  Ang- 
strom units.  There  is  an  uncertainty  in  determining  the  '"shift" 
which  introduces  the  possibility  of  an  error  into  the  writer's  values 
amounting,  at  most,  to  two-tenths  of  an  Angstrom  unit.  This 
error,  if  it  exists,  would  be  of  such  a  sign  as  to  bring  the  writer's 
values  into  closer  agreement  with  those  of  Handke.  HowTver,  in 
the  case  of  the  nitrogen  pairs  at  /  1742 . 7,  /  1745 .3,  and  in  the  case 
of  the  three  lines  /  1721.2,  A  1719.3,  and  /  1718.3,  the  difference 
in  values  rises  to  nearly  a  whole  unit;  this  fact  points  to  errors  of 
measurements  in  the  work  of  the  earlier  observer  which  may  be 
present  in  all  his  data.  In  the  case  of  the  faint  lines  between  /  1854 
and  /  1819,  Handke's  values  alone  are  given,  for  although  these 
lines  are  found  on  the  writer's  plate,  their  rather  nebulous  char- 
acter renders  their  exact  measurement  difficult. 

'  Astrophyskal  Journal,  33,  98,  iqii. 
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Very  recently  the  writer  has  made  a  new  test  with  the  aluminum 
spark  in  air.  The  experiment  yielded  more  interesting  results  than 
any  of  the  many  previous  attempts  of  this  character,  its  success 
being  due  to  the  fact  that  the  pointed  spark  terminals  were  placed 
nearly  in  contact  with  the  window  of  the  spectroscope,  so  that  the 
spark  played  against  the  surface  of  the  fluorite.  An  exposure  of 
six  minutes  destroyed  the  fluorite  window,  but  a  strong  spectrum 
was  registered  on  the  photographic  plate.  Between  A  1400  and 
/  1900  the  lines  of  this  spectrum  are  the  same  as  those  observed 
when  the  spark  was  in  hydrogen,  but  there  is  a  distinct  difference 
in  the  distribution  of  intensities  in  the  two  spectra  in  this  region, 
owing  to  the  selective  nature  of  the  absorption  of  the  air.  Near 
/  1300,  with  the  spark  in  air,  there  is  a  group  of  strong  lines  not 
observed  when  the  spark  was  in  hydrogen.  Of  these  lines,  those 
at  A  1302.0,  A  1304.8,  A  1305.8,  A  1334.6,  and  A  1335.7  are  ob- 
viously due  to  some  common  impurity  for  they  are  found  with 
magnesium  in  hydrogen  and  with  aluminum  in  helium.  The 
other  lines  of  the  group  are  included  in  the  Aluminum  Table 
but  are  marked  (*)  to  indicate  the  uncertainty  of  their  origin. 

The  specimen  of  calcium  was  analyzed  with  the  following 
result:  iron  0.07  per  cent,  aluminum,  magnesium,  and  siHcon,  a 
trace,  no  trace  of  barium  or  strontium  or  of  any  other  common 
metal.  The  spark  behaves  well  in  an  atmosphere  of  hydrogen.  In 
Fig.  2  the  most  striking  objects  are  the  strong  series  of  narrow  pairs 
predicted  by  Saunders.  They  appear  in  the  illustration  as  the 
four  broad  lines  beginning  near  A  1370  and  ending  near  A  1840. 
On  the  plate  itself,  their  separation  can  be  measured  but  their 
character  renders  the  setting  error  large,  especially  in  the  case  of 
the  most  refrangible  member. 

Of  the  four  pairs  with  wave-number  separation  i/A  =  223, 
predicted  by  Ritz,  only  the  two  at  the  less  refrangible  end  of  the 
plate  are  visible  in  the  illustration  and  of  these  one  member  of  the 
first  pair  is  concealed  by  the  strong  narrow  pair  at  A  1840. 
The  other  two  pairs  belonging  to  this  series,  though  weak,  are 
clearly  seen  on  the  original  plate.  Of  the  other  lines,  the  sharp 
narrow  pair  near  A  1870  may  belong  to  calcium,  the  lines  at  A  1854 
and  A  1862  are  evidently  due  to  aluminum,  the  line  near  A  1670 
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belongs  to  aluminum  but  seems  unduly  enhanced  here.  The 
nebulous  narrow  pair  at  X  1657  is  visible  in  most  metallic  spectra 
both  in  helium  and  hydrogen;  it  is  due  to  a  common  imj)urity — 
silicon  or  carbon,  perhajis.  The  very  faint  line  near  A  1650  also 
does  not  belong  to  calcium.  The  background  of  hnes,  hardly 
visible  in  the  illustration,  between  this  point  and  A  1555 .  i  is  found 
in  iron,  as  is  also  the  sharp  narrow  pair  near  X  1550  next  to  the 
strong  calcium  group.  The  characteristic  sharp  pair  at  X  1393, 
/  1402  may  be  due  to  calcium  but  appears  in  other  metals  more 
strongly  than  their  calcium  content  would  seem  to  warrant.  The 
narrow  pair  near  A  1335  appear  in  several  metals  both  in  helium 
and  hydrogen.  The  extreme  group  not  visible  in  the  illustration  is 
found  only  with  calcium ;  it  is  made  up  of  some  of  the  most  re- 
frangible lines  yet  obtained  with  a  metal. 

Some  difficulty  was  found  in  obtaining  metallic  strontium  of 
sufficient  purity.  A  suitable  specimen  was  finally  procured,  how- 
ever.    It  gave  the  following  analysis: 

Silicon None  Calcium 1.5  per  cent 

Iron Slight  trace      .Magnesium None 

Aluminum Trace  Mercury None 

Barium None  Carbon Considerable,  not 

estimated 

On  inspection  of  the  spectrum,  it  is  obvious  that  most  of  the  lines 
are  also  found  in  calcium.  The  only  strong  Hnes  that  can  be  attrib- 
uted to  strontium  are  the  two  pairs  at  /  1769,  X  1778,  /  1613,  and 
X  1620.  They  also  appeared  faintly  in  a  spectrum  obtained  with  a 
less  pure  specimen  of  metal. 

There  is  also  a  weak  pair  near  X  1821,  X  1847,  one  member  of 
which  may  be  visible  in  the  illustration,  which  is  predicted  by  Ritz 
and  Saunders;  it  has  the  correct  wave-number  separation  i/X  = 
800. 

The  magnesium  employed  yielded  the  following  analysis: 

MAGNESIUM 

Silicon None  Barium None 

Iron 0.05  per  cent  (estimated      Strontium None 

colorometrically) 
Aluminum .   Trace  Calcium None 


350  THEODORE  LYMAX 

On  comparing  its  spectrum  with  one  obtained  \vith  iron  terminals 
under  similar  conditions,  it  appears  that  only  the  two  pairs  already 
mentioned  can  be  attributed  to  magnesium.  They  appear  near 
X  1735  and  /  1750.  All  the  other  lines  are  found  in  the  iron 
spectrum  and  are  due.  therefore,  either  to  it  or  to  some  impurity 
common  to  the  two  substances.  In  this  connection,  it  is  interest- 
ing to  observe  how  small  an  amount  of  an  impurity  may  produce 
an  appreciable  effect. 

The  pairs  that  might  be  expected  at  the  more  refrangible  end 
of  the  plate  cannot  be  distinguished  with  certainty  from  the  back- 
ground of  faint  lines. 

The  results  of  Handke's  investigation  of  the  magnesium  spec- 
trum do  not  agree  with  those  of  the  writer.  Perhaps  the  difference 
in  the  condition  of  the  spark  in  the  two  cases  may  account  for  this. 

In  the  case  of  barium,  the  most  ob\'ious  mode  of  procedure  is  to 
employ  carbon  terminals  saturated  ^^'ith  some  salt  of  the  metal. 
An  experiment  of  this  kind  was  therefore  tried;  carbon  terminals 
saturated  with  a  solution  01  chloride  were  used  in  an  atmosphere 
of  hydrogen.  The  spark  showed  the  barium  spectrum  in  the 
\-isible  quite  strongly,  but  nothing  in  the  Schumann  region. 

Through  the  kindness  of  Professor  T.  W.  Richards,  the  writer 
obtained  some  unusually  pure  specimens  of  barium,  containing 
over  99  per  cent  of  the  metal.  The  impurities  were  a  trace  of 
oxygen  and  of  iron.  Experiments  \\-ith  this  substance,  however,  in 
an  atmosphere  of  hydrogen  gave  no  result  at  all.  perhaps  because 
of  the  formation  of  an  absorbing  cloud  of  hydride  about  the  spark. 
Even  the  results  obtained  with  the  spark  in  helium  were  somewhat 
disappointing.  The  members  of  the  pair  /  1849.  ^^  1^69  have  the 
correct  separation  i  ^  =  575  and  relative  intensity,  but  they  are 
very  feeble  and  rather  sharper  than  one  would  be  led  to  expect 
from  similar  pairs  in  calcium  and  strontium.  Another  pair  with 
correct  separation  and  of  a  more  satisfactory  appearance  can  be 
picked  out  from  the  remaining  lines  at  /  1678.  /  1694. 

The  .spectrum  of  hydrogen,  which  is  added  for  the  sake  of  com- 
pari.son,  was  obtained  from  a  vacuum  tube  in  the  manner  already 
described.'     There  was  no  capacity  other  than  that  of  the  leads 

'  Aslrophysical  Journal,  23,  202,  1906. 
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in  ihc  circuit.  The  pressure  of  the  gas  was  about  two  millimeters. 
The  faint  lines  on  the  less  refrangible  side  of  A  1650  are  due  to  a 
trace  of  an  oxide  of  carbon. 

The  similarity  between  the  hydrogen  and  magnesium  spectrum 
in  the  neighborhood  of  /  1600  is  apparent,  not  real.  The  two 
sharp  lines,  which  have  been  mentioned  as  occurring  most  strongly 
in  calcium  and  whose  wave-lengths  are  A  1393.6,  A  1402.7,  nearly 
agree  in  position  with  the  two  Hnes  in  hydrogen  A  1394,  A  1402.8. 
It  is  barely  possible,  therefore,  that  these  lines  are  due  to  the  gas, 
though,  as  they  occur  faintly  with  aluminum  in  helium,  it  does 
not  seem  probable.  If  they  belong  to  hydrogen,  they  are  the  only 
lines  in  the  vacuum  tube  spectrum  which  appear  in  the  spark. 

As  usual,  the  wave-lengths  on  the  table  are  in  vacuum.  The 
scale  which  is  printed  with  the  spectra  was  not  used  directly  for 
measurements.  It  is  intended  to  give  the  position  of  the  hnes 
only  approximately.  Of  the  lines  obviously  due  to  impurities  the 
most  prominent  are  given  in  Table  VI. 

TABLE  I 
Alumixum 


1238 

1264 

1275 

1276 
I3I0 

I3I9 
1326 

1343 
1352 
1379 
1383 

1540 
1605 

I6II 
1670 

I7I8 
I7I9 
I72I 

1725 

1742 
1745 

»747 


I 

3 
2 
6 
6 
I 
2 
I 
3 
5 
I 
8 
8 
10 


9 

9 

10 

N. 
I 


i/A        A  Handke 


80723 
79083 
78431 
7834s 
76290 

75792 
75380 
74438 
73921 
72490 
72259 

64931 
62282 
62042 
59859 

58197 
58163 
58099 
57971 

57382 
57297 
57218 


1605.9 
1612. I 
1671.O 
1676.1 
1719.I 
1720.0 
1722.0 

1725-3 
1741. I 
17436 
1746.3 
1748.3 


Diff. 


1750.0 

1751-7 
1 760 . o 
I76I.9 

1763-8 
1765.7 

1767.6 


1773-8 
1776.9 

I8I8.5 


1854-7 
1858.2 
1862.8 


3  \ 
2 


50 
10 

50 


l/A 


57143 
57087 
56818 
56757 
56695 
56635 

56574 


56376 
56278 

54990 


A  Handke 


1750-4 
1752. I 
I 760 . 4 
1762.4 
1764.2 
1766.0 
1 766 . 9 
1768.0 
1 769 . 6 
1772.9 
1773-8 

1774-9 
1777. 1 
1777.8 
1792. I 
1819.0 
1819.6 
1820.6 
1833.2 
1836.8 

1854.7 
1858.2 
1862.8 


Diff. 


0.4 
•4 
•4 
-5 
•4 
-3 

-4 


.0 

.2 


o:)-' 
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TABLE  II 
Calcium 


l/A 


I 246 . 2 

1254-3 
1 260 . 2 

1264.5 
1268.2 
1276.4 
1369. I 
1370.6 
1393-6 
1402.7 
1433- I 
1434-3 
1526.7 

1533-4 
1546.0 


80244 

79726 

79352 

79083 

78852 

78345 

73040  I 

72960  ) 

71761 

71291 

69778  I 

69720  1 

65501 

65214 

64683 


Al/A. 


80 


553  5 
555-1 
561.2 
674.1 
680.5 
692.4 
698.9 
807.8 
815.0 
838.0 
840.2 
843.8 

851-3 
870.4 

872.5 


7 
8 

2? 


9 
10 
6 
7 
3 
3 


l/A 


64370  (_ 

64304  s 
64053 

59733  I 
59506  ) 
59087 
58861 
55316  I 
55096  S 
54406  ) 
54341  ) 
54236  i 
54016  S 
53464 
53404 


Al/A 


66 

227 
226 
220 

65 
220 


TABLE  III 
Strontium 


A 

I 

l/A 

Al/A 

A 

I 

I/A 

^l/K 

1532-3? 

1537-9?  

1560.8?  

1613  3 

1620.7 

1 

1 
I 
4 
5 

65261 
65024 
64070 
61985  / 

61702  s 

1 
283 

1769.8 

1778.8 

1820.0 

1847.0 

8 

9 

1 

3 

56503  ( 

56217  S 

54945  I 
54142  s 

286 
803 

TABLE  IV 
Barium 


A 

I 

I/A 

Al/A 

A 

I 

l/A 

Al/A 

133I-I 

13610 

I414.8 

1417.1 

1482.0 

1485   0 

1487.0 

1503  9 

1554.5 

2 
2 

3 

2 
1 
I 
2 
4 
3 

75126 

73475 
70681 
70567 
67476 
67340 
67249 
66494 

64329 

1572 
1592 
1674 
1677 
1694 
1786 
1849 
1869 

9 

9 

5 

9 

3 

6 

5 

2 

2 
1 
4 
3 
6 
1 
2 
5 

63577 
62778 
59719 
59598  1 
59021  ^ 
55972 
54068  I 
53499  ) 

577 
569 

TABLE  V 
Magnesium 


A 

I 

I/A 

A  l/A 

A 

I 

l/A 

Al/A 

1735  0 

1737.8 

6 

7 

57637  ( 
57544  \ 

93 

1750-9 

I7S3-6 

1828. 1 

5 
6 
I 

57113^ 

57025  S 

54702 

88 
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TAHLE  \  I 
Lines  of  Uncertain  Origin 


1302.0 

1304  8 

1305  8 
1334-6 

1335-7 


l/A 


76805 
76640 
76581 
74929 
74867 


Al/A 


1548.2 

1550  ~ 
1649 
1656 
1657 


X/A 


64591 
64483 
60609 
60357 
60321 


Al/A 


In  conclusion  it  may  be  well  to  restate  the  results  which  have 
been  achieved. 

The  existence  of  certain  lines  in  that  part  of  the  spectra  of  the 
alkali  earths  which  lie  in  the  Schumann  region  was  predicted  by 
Ritz  and  Saunders  on  theoretical  grounds.  When  these  predictions 
were  made,  the  spectra  of  the  substances  in  the  region  of  extremely 
short  wave-lengths  had  never  been  observed.  The  writer  has 
succeeded  in  photographing  these  spectra  and  he  has  discovered 
part,  at  least,  of  the  lines  whose  existence  was  predicted.  During 
the  work,  a  method  has  been  developed  by  which  spark  and  arc 
spectra  may  be  studied  down  to  the  very  limit  of  the  transparency 
of  fluorite. 

Jefferson  Physical  Laboratory 
H.AR\'.\RD  University 
May  19 1 2 


Reviews 

Lines  in  the  Arc  Spectra  of  Elements.  Compiled  by  F.  Stanley. 
London:  Adam  Hilger,  Ltd.,  191 1.  8vo,  pp.  140.  Cloth, 
12^.  6d.;   half  morocco,  155.  dd. 

This  volume  lists  the  wave-lengths  and  intensities  of  3700  selected 
lines  from  the  arc  spectra  of  55  elements  arranged  according  to  their 
wave-lengths.  In  adjoining  columns  are  given  the  element  and  the  wave- 
length of  the  next  prominent  line  of  that  element.  The  printed  matter 
occupies  about  one-half  of  a  page,  the  remainder  of  the  page  and  the 
opposite  page  being  left  blank  for  the  addition  of  notes.  The  more 
persistent  lines  are  denoted  in  many  cases  by  an  asterisk. 

As  the  list  is  not  exhaustive  as  to  either  element  or  line,  and  as  the 
wave-lengths  are  rounded  off  to  tenths  of  an  Angstrom  and  no  references 
are  given,  it  is  not  likely  that  the  book  will  be  of  great  value  to  the  ad- 
vanced worker  in  physics  and  astronomy,  although  it  is  probably  well 
adapted  to  the  less  exacting  needs  of  the  chemist  and  of  the  amateur. 

Storrs  B.  Barrett 


Physical  Optics.    By  Robert  W.  Wood.    New  and  Revised  Edition. 
New  York:   MacMillan,  1911.     Pp.  xvi+705.     $5.25  net. 

The  first  edition  of  Wood's  Physical  Optics,  which  appeared  in 
1905,  was  universally  recognized  as  an  important  addition  to  scientific 
literature.  The  second  edition  is  of  distinctly  greater  value  than  the 
first.  The  book  has  been  enlarged  in  size  from  546  pages  to  705  pages, 
and  the  number  of  figures  has  been  increased  from  325  to  399.  The 
new  colored  frontispiece  contains  8  figures  as  against  5  in  the  old 
edition,  and  there  are  10  full-page  plates  in  the  new  edition,  twice  the 
former  number. 

The  most  noticeable  additions  are  contained  in  three  short  new 
chapters.  Chaj).  xii,  on  meteorological  optics,  deals  with  the  rainbow, 
halos,  mock  suns,  and  related  phenomena.  Chap,  xix,  on  electro- 
optics,  deals  with  the  Kerr  electro-optic  effect  in  liquids,  the  electro- 
optic  analogy  of  the  Zeeman  effect,  and  the  ])hoto-electric  effect.  In 
chap.  XXV  the  author  has  attemjited  the  diflicult  task  of  presenting  the 

354 
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principle  of  relativity  in  less  than  ii  pages.     It  is  doubtful  if  a  better 
treatment  could  be  given  in  so  small  a  compass. 

The  new  material  incorporated  in  the  old  chapters  is,  in  part,  as 
follows:  To  chap,  i  has  been  added  a  description  of  Pfund's  mercury 
arc,  a  description  of  Galitzin  and  Willip's  repetition  of  Belopolsky's 
experiment  on  the  Doppler  effect,  Stark's  work  on  the  Doppler  effect 
in  the  light  emitted  by  the  canal  rays  in  vacuum  tubes,  and  a  figure 
showing  the  Doppler  effect  in  stellar  spectra. 

The  author's  work  on  "fish-eye  views"  and  Schmidt's  theory  of 
the  sun  are  the  chief  additions  to  the  fourth  chapter.  Julius'  work  on 
the  effect  of  anomalous  dispersion  on  the  appearance  of  the  D  lines, 
illustrated  by  a  full-page  plate,  is  an  interesting  addition  to  chap.  v. 
To  chap,  vii  has  been  added  a  discussion  of  the  author's  echelette  grat- 
ing, and  the  work  of  Wood  and  Trowbridge  on  spectral  intensity  and 
the  form  of  grooves.  The  interesting  and  valuable  work  of  Rubens 
and  Wood  on  the  focal  isolation  of  long  heat-waves  has  been  added  to 
the  chapter  on  the  theory  of  dispersion.  Chap,  xv,  on  the  absorption 
of  light,  has  been  expanded  by  the  addition  of  Wood's  work  on  the 
absorption  of  sodium  vapor,  and  the  extension  of  the  Balmer  series  in 
the  ultra-violet  to  the  forty-eighth  member.  There  is  also  reference 
to  the  very  interesting  work  of  Pfluger  and  of  Ladenburg  and  Loria  on 
absorption  by  luminous  hydrogen.  The  chapter  on  magneto-optics 
has  been  increased  by  i8  pages  and  contains  much  new  and  interesting 
material,  e.g.,  the  work  of  Voigt  and  Lohmann  on  complicated  types 
of  the  Zeeman  effect,  the  work  of  Zeeman  on  unsymmetrical  triplets,  a 
discussion  of  the  Zeeman  effect  in  spectral  series,  the  work  of  Zeeman 
and  Winawer  on  the  Zeeman  effect  in  absorption  spectra,  Hale's  dis- 
covery of  the  Zeeman  effect  in  sun-spot  spectra,  and  Dufour's  recent 
work  on  the  Zeeman  effect  in  band  spectra. 

The  chief  additions  to  chap,  xx  are  on  Wood's  investigations  of  the 
fluorescence  of  mercury,  iodine,  and  bromine  vapors. 

These  illustrations  serve  to  show  that  most  of  the  material  added 
to  the  book  is  in  the  presentation  of  results  obtained  in  physical  optics 
since  the  first  edition  appeared. 

As  a  whole  the  book,  like  its  predecessor,  deals  primarily  with 
experimental  optics,  and  illustrates  the  practicability  and  perhaps  also 
the  desirability  of  treating  even  the  most  abstruse  topics  from  a 
physical  rather  than  a  mathematical  standpoint.  And  yet  the  mathe- 
matical treatment  has  not  been  ignored,  and  we  find  all  of  it  that  is 
essential  to  a  profound  knowledge  of  theoretical  optics. 
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One  hesitates  to  criticize  adversely  in  any  way  a  book  of  such 
unquestioned  merit,  but  there  are  evidences  of  carelessness  in  editing 
which  cannot  be  overlooked.  We  read  in  the  preface  to  the  second 
edition,  "The  numerous  typographical  errors  which  marred  the  first 
edition,  have  been  corrected  and  certain  sections  of  small  interest  or 
importance  have  been  removed  bodily  to  make  room  for  new  material." 
It  is,  therefore,  something  of  a  disappointment  to  find  that  there  are 
still  a  great  number  of  typographical  errors.  To  make  matters  worse, 
many  of  these  errors  were  noted  in  the  page  of  errata  which  accom- 
panied the  first  edition.  Thus  on  p.  383  the  equation  of  line  2  is 
entirely  wrong,  the  brackets  have  been  omitted  for  line  5,  the  incorrect 
equation  of  lines  5,  6,  and  7  from  the  bottom  is  reproduced  from  the 
first  edition,  the  parenthesis  is  misplaced  in  line  4  from  the  bottom, 
and  a  minus  sign  is  omitted  between  the  last  two  lines. 

On  p.  I  the  author  refers  to  the  last  chapter  of  the  book  instead  of 
to  the  next  to  the  last  chapter.  On  p.  10  he  refers  to  p.  351,  instead  of 
p.  439,  and  on  p.  35  to  p.  158  instead  of  p.  191. 

These  references  are  to  the  page  of  the  old  edition  instead  of  to  the 
page  of  the  new  edition.  On  p.  15  the  author  refers  to  the  Carnegie 
Institution  of  Washington  as  the  Carnegie  Institute.  On  p.  136  he 
gives  the  wave-length  of  the  C  line  as  6399  instead  of  6563.  Such 
errors  are  of  course  of  trivial  importance  in  comparison  with  the 
general  excellence  of  the  book.  Perhaps  the  greatest  harm  which 
could  arise  from  them  is  that  some  immature  reader  might  unjustly 
attribute  to  the  author's  experimental  work  a  similar  lack  of  accuracy 

and  care. 

Henry  G.  Gale 


Atlas  typischer  Spcklrcn.  By  J.  M.  Eder  and  E.  Valenta.  53 
charts  with  explanatory  text  of  143  pages.  Published  by  the 
Komitcc  zur  Vcrwaltung  der  Erbchaft  Treitl,  under  the 
direction  of  the  Kaiserliche  Akademie  der  Wissenschaften. 
Wien.  191 1.     M.  78. 

A  collection  of  charts  of  si)ectra  such  as  that  ofTered  by  Eder  and 
Valenta  is  an  exacting  task  if  the  work  is  to  take  its  place  as  a  thoroughly 
ef?icicnt  aid  to  the  worker  with  spectra,  be  he  j)hysicist,  chemist,  or 
astronomer.  It  requires  an  extensive  and  highly  flexible  instrumental 
equipment,  both  as  to  light-.sources  and  apparatus  for  [)hotography  of 
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the  spectrum,  a  wide  si>ectroscopic  experience  and  high  photographic 
technique  on  the  part  of  the  authors,  and  the  utnmst  limit  of  the 
engraver's  skill  if  a  reasonable  amount  of  the  extraordinarily  fme  detail 
on  the  original  negati\es  is  to  be  reproduced.  The  work  under  review 
may  be  said  to  go  far  toward  fulfilling  each  of  these  requirements. 

Considering  first  the  rej)roductions  of  spectra,  we  find  the  charts 
contain  the  llame  spectra  of  70  elements  and  compounds,  the  arc  sj^ectra 
of  78,  and  the  spark  sp>ectra  of  78.  The  total  number  of  reproductions 
is  about  640,  the  strips  of  spectra  being  arranged  on  53  sheets.  The 
authors  wisely  decided  to  have  the  plates  made  directly  from  the  nega- 
tives, thus  avoiding  the  intermediate  positive  which  would  mean  the  loss 
of  much  detail.  Although  the  appearance  is  thus  that  of  absorption 
spectra,  no  confusion  can  arise  from  this  cause  and  in  regular  work  there 
is  some  gain  in  having  the  chart  similar  in  appearance  to  the  original 
negative  with  which  it  is  compared.  The  quality  of  the  reproductions 
is  probably  as  good  as  the  engra\ing  processes  of  the  present  day  will 
permit.  A  scale  beside  each  strip  of  spectrum  gives  intervals  of  100 
A;  while  the  wave-lengths  of  distinctive  lines  throughout  the  spectrum 
have  their  wave-lengths  etched  op{X)site  them,  impurity  lines  also 
often  being  indicated  in  this  way. 

An  examination  of  the  index  shows  that  there  are  few  chemical 
elements  whose  spectra  are  not  presented  in  this  work.  A  feature  is  the 
rich  collection  of  spectra  of  the  rare  earths  and  of  elements  unknown  a 
decade  ago.  The  spectra  are  "typical"  in  the  sense  that  they  are  given 
by  the  flame,  arc,  or  spark  with  such  instrumental  arrangements  as 
would  generally  be  employed  in  laboratories,  avoiding,  except  in  a  few 
cases,  those  conditions  of  the  light-source  which  profoundly  modify  the 
character  of  the  sj>ectrum.  The  large  collection  of  flame  spectra  will  be 
of  especial  interest  to  chemists.  In  a  number  of  cases  the  flame  spectra 
of  several  compounds  of  the  same  element  are  presented.  As  an  example 
may  be  mentioned  the  beautiful  flutings  of  the  chloride,  bromide,  iodide, 
and  nitrate  of  copper,  the  scale  being  sufficient  to  show  the  distinctive 
differences  in  the  arrangement  of  bands  without  attempting  full 
resolution. 

The  first  order  of  a  concave  grating  of  146  cm  radius  was  employed 
for  most  of  the  arc  and  spark  spectra  and  for  a  few  of  the  flame  spectra. 
The  scale  obtained  is  about  11. 6  A  i>er  mm.  The  grating  spectra  are 
regularly  reproduced  in  two  portions,  one  from  A.  2000  to  A  4600,  and  a 
second  from  A  4300  to  A  7000.     A  few  charts  show  the  red  region  as  far 
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as  X  Sooo.  For  a  number  of  elements,  besides  grating  spectra  for  the 
arc  and  spark,  there  are  given  prismatic  spectra  from  two  instruments, 
the  one  with  glass  prism  showing  the  spectrum  from  X  3500  to  X  7000, 
the  scale  at  A  4300  being  about  equal  to  that  of  the  grating  spectrum,  the 
other  with  quartz  prism  showing  the  ultra-violet  to  the  limits  of  trans- 
mission for  air  at  about  A  1800.  While  there  is  some  duplication  in 
presenting  both  grating  and  prismatic  spectra  for  the  same  element, 
the  authors  consider  that  the  spectra  obtained  with  a  prism  will  be 
especially  useful  to  those  working  with  similar  apparatus. 

The  scale  of  the  reproductions  is  in  general  very  satisfactory  for 
spectra  having  a  moderate  number  of  lines.  When,  however,  this  scale 
is  used  for  spectra  whose  stronger  lines  run  into  the  hundreds  and  even 
thousands,  little  more  than  a  general  view  of  the  distribution  of  lines  is 
obtained  from  the  charts.  To  have  reproduced  these  spectra  on  a  scale 
suitable  for  detailed  study,  say  at  least  as  large  as  2  A  per  mm,  would 
have  made  the  publication  of  prohibitive  size,  and  this  limitation  was 
doubtless  regretted  by  the  authors  as  much  as  it  can  be  by  any  user. 
The  field  is  still  open  for  a  set  of  charts  which  will  do  full  justice  to  these 
many  lined  spectra. 

The  volume  of  explanatory  text  deserves  special  notice.  Flame,  arc, 
and  spark  spectra  are  treated  separately.  For  each  substance  the 
method  of  producing  the  radiation  is  briefly  described,  with  many 
practical  suggestions  as  to  how  certain  features  of  the  spectrum  may  best 
be  brought  out.  Numerous  references  to  original  works  are  given.  A 
table  of  wave-lengths  follows  for  those  lines  which  are  distinct  on  the 
charts  for  the  substance  under  discussion.  These  tables  are  a  very 
valuable  feature  of  the  work,  covering  the  spectrum  in  some  cases 
between  the  extreme  limits  X  2000  to  X  8000.  The  wave-lengths  to  o.oi 
A  are  compiled  from  the  best  available  measurements.  The  result  is 
the  most  complete  and  up-to-date  collection  of  tables  as  regards 
number  of  s{)ectra  and  range  of  wave-length  which  is  at  present 
available.  While  completeness  in  the  individual  spectra  is  not  aimed 
at,  the  extent  to  which  the  distinctive  lines  are  listed  may  be  judged 
from  the  fact  that  the  table  for  the  iron  arc  includes  934  lines,  that  for 
the  thorium  arc  708  lines. 

A  regular  reference  to  this  atlas  with  its  accomi)anying  tables  will 
greatly  facilitate  the  work  of  anyone  dealing  with  spectra.  A  few  of 
those  who  use  it  will  appreciate  the  enormous  labor  which  Professors 
Eder  and  Valenta  have  expended  in  the  compilation. 

Arthur  S.  King 


EDITORIAL  NOTE 

Hereafter  the  duties  of  managing  editor  of  the  Astrophysical  Journal, 
which  have  been  successively  borne  by  Mr.  Hale  and  by  Mr.  Frost,  will 
be  assumed  by  Henry  G.  Gale,  of  the  Department  of  Physics  of  the 
University  of  Chicago. 

Manuscripts,  proof  sheets,  books  for  review,  and  all  editorial  corre- 
spondence should  henceforth  be  addressed  to 

Editors  of  the  Astrophysical  Journal 

University  of  Chicago,  Chicago,  III. 


ERRATUM 

\ol.  34,  Xovember  191 1,  in  J.  G.   Hagen's  article  on  "Various  Scales  for 
Color-Estimates":   Page  267,  line  4,  for  Innes  read  See. 
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